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Summary
Cell-based high-content-screenings (HCS) use monolayer-based 2D cell cultures [1] with a highly artificial
environment as these cells lack three important aspects: (i) They lack dimensionality since these cells are
not allowed to adhere to extracellular supports, (ii) provide a highly polarized mechanical environment
and (iii) lack the ability to maintain local concentration heterogeneities. In contrast, 3D cell cultures,
such as spheroid or ECM-based (extracellular matrix) cultures, mimic the in vivo conditions by providing
physical, (bio)chemical and mechanical properties as well as soluble factors [2, 3, 4]. Thus, it comes to no
surprise that the use of 2D cell cultures in industrial and preclinical screenings leads to limited predictive
values for clinical efficacy of compounds.
Cells cultured in a 3D cell culture system, show in comparison to 2D cultured cells, a different gene
expression, morphology, cytoskeletal organization, migration and proliferation rates as well as a different
distribution in cell cycle phases [5, 6, 7]. All these phenotypes differ if compared to 2D cultured cells
due to a different expression of proteins with huge effects on e.g. the effectiveness of cancer inhibitors
[8, 9, 10].
In contrast to 2D cultured cells, 3D cultured cells are allowed to interact with the ECM. Key mediators
for this cell-ECM interaction are heterodimeric transmembrane proteins called integrins. The interaction
with the ECM modulates many processes, such as proliferation, gene expression, cellular survival and cell
migration [11, 12, 13]. The cell’s interaction with the ECM is highly interesting as integrins containing
the β1 subunit contribute to a process called cell-adhesion-mediated radioresistance (CAM-RR). In
comparison to 3D cultured cells, 2D cells are significantly more sensitive towards ionizing radiation
[14, 15, 16].
Until the begin of this thesis, CAM-RR was linked to the chromatin structure that differs between
cells cultured in 2D and 3D conditions. Namely, the presence of a higher fraction of heterochromatin
in 3D cultured cells was shown to correspond to a decreased amount of residual DNA double strand
breaks after X-irradiation [16, 17]. Integrins as the key mediators of a cell’s interaction with the ECM
are clearly involved in this culture-condition dependent effect, mainly the players acting downstream of
integrin signaling have bee thoroughly investigated (ILK, FAK, JNK1, Akt1, PINCH, HDAC) [18, 19, 20, 21].
Chapter I of this thesis aims to capture the plasma membrane (PM) located effects of ionizing radi-
ation (IR) on β1 integrins. Therefore, 2D and 3D cultured cells were irradiated with different doses
of x-rays. The effects of IR on the nanoscale localization and organization of integrin β1 clusters
were measured with single molecule localization microscopy (SMLM) and subsequent quantitative data
analysis. It was shown that the radioresistance of 3D culture cells relies on stable and intact inte-
grin β1 clusters, which are hard to disrupt even with high doses of IR. In contrast, 2D cultured cells
are not able to organize integrins into stable clusters and display a rather loose and heterogeneous
organization. Upon irradiation this unstable condition is disrupted by low doses of IR. Therefore,
the radioresistance of 3D cultured cells relies on a stable organization of integrin β1 clusters, whereas
the radiosensitivity emerges from the 2D cells inability to properly organize these proteins in the nanoscale.
In Chapter II of this thesis the well-known radiosensitizer and integrin β1 inhibitor AIIB2 is used
to actively disrupt the integrin clusters of 3D cultured cells and, in combination with IR, to induce
radiosensitivity. Integrins not only link the cell with the ECM, they also originate the mechanosensing
system of cells by physically linking the ECM (via integrins - actin - nesprin - SUN proteins - lamin)
with the nucleus. A combined treatment with AIIB2 and IR leads to an integrin cluster break-down
and to an interruption of this mechanosensing machinery if 2D and 3D cultured cells. By following
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the mechanosensing system it became clear that CAM-RR of 3D cultured cells is not only based on a
stable integrin β1 clustering but also on a balanced mechanobiological system. In contrast, the 2D cell
culture system is highly artificial and does not provide the means to investigate mechanobiological aspects.
The ability of integrin clustering to be a target for induced radiosensitivity proves that beside DNA
damage and its subsequent repair, PM located effects of IR are a powerful tool in radiotherapy. Chapter
III of this thesis aims to answer the question, whether the effects of IR on the integrin β1 clustering
are lipid-raft dependent. It could be shown that integrin clusters colocalize with cholesterol lipid-rafts.
However, upon irradiation integrins are separated from their raft localization - integrin clusters are
disrupted while cholesterol microdomains are not effected by high doses of IR. This proves, that (i)
the effects of IR on integrin clustering are lipid-raft independent and (ii) it implies the possibility of
an independent coclustering of both. These results challenge the generalized assumption that protein
clustering is governed by lipid-rafts.
In closing, the integrin involvement in tumorgenesis (metastasis, angiogenesis) and cellular reactions
towards anti-cancer treatment (drug- and radioresistance) makes them an important target in current
tumor studies [22, 23]. The results summarized in chapter I and II of this thesis demonstrate that a
combined approach of 3D cell cultures and SMLM should become a integral part of preclinical screenings.
With this, it would be possible to combine the virtues of super resolution microscopy with the capability
of 3D cultured cells to enhance the predictive value of HCS. SMLM as part of preclinical screenings
would extend the molecular phenotype to the molecular dimension, i.e. the nanoscale localization and
organization of molecules or proteins. 3D cell cultures as part of such a screening would provide the
correct physiological environment.
Still, the vast majority of cell-based HCS use (i) monolayer-based 2D cell cultures [24] and (ii) simple
microscopical methods (wide-field or confocal microscopy) [25], neglecting to target the nanoscale
molecular phenotype of e.g. PM located proteins .
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Zusammenfassung
Zell-basierte High-Content-Screenings (HCS) verwenden zumeist als Monolayer kultivierte 2D Zellen [1].
Dieses Zellkultursystem ist hoch artifiziell, da es mehrere wichtige Aspekte nicht ausreichend nachstellt: (i)
2D kultivierten Zellen fehlt es an Dimensionalität, (ii) es ist ein stark polarisiertes, mechanobiologisches
System und (iii) lokale Konzentrationsunterschiede molekularer Gradienten existieren nicht.
Im Gegensatz zu dieser klassischen Zellkulturtechnik ahmen sogenannte 3D Zellkultursysteme die
in vivo Eigenschaften der natürlichen extrazellulären Matrix (ECM) in Form von z.B. Hydrogelen oder
Sphäroidkulturen nach [2]. Hierbei werden physikalische, (bio)chemische und mechanische Eigenschaften
berücksichtigt [3, 4]. Zellen, die in einem 3D Zellkultursystem kultiviert werden, weisen im Vergleich zu 2D
kultivierten Zellen, unter Anderem eine unterschiedliche Morphologie, Proliferations- und Migrationsrate
auf [5, 6, 7]. Auch die Übertragbarkeit der Ergebnisse von 3D Zellkultur basierten Versuchen auf z.B.
exprimierte Tumormarker oder medikamentöse Behandlungen, ist deutlich erhöht [9, 8, 10].
Im Gegensatz zu der Standard 2D Zellkultur haben 3D kultivierte Zellen die Möglichkeit mit der ECM
zu interagieren [26]. Diese Interaktionen finden durch Signalprozesse an der Plasmamembran statt,
wodurch viele Prozesse wie Migration, Proliferation, Differenzierung und Zellüberleben reguliert werden
[11, 12, 13]. Integrine sind hierbei die Hauptvermittler der Zell-ECM Interaktion. Dieser Prozess ist
besonders interessant, da er im direkten Zusammenhang mit der cell-adhesion-mediated-radio-reistance
(CAM-RR) steht, die nur für Zellen beobachtet werden kann, die in 3D kultiviert werden [27].
Bis zu Beginn dieser Thesis wurde die CAM-RR mit Chromatinstrukturen, die sich zwischen 2D und 3D
kultivierten Zellen unterschieden, in Zusammenhang gebracht. Hierbei führt ein erhöter Anteil an He-
terochromatin von 3D kultivierten Zellen zu einer geringeren Menge an Doppelstrangbrüchen nach einer
Bestrahlung mit Röntgenstrahlen. Zum Anderem wurde dieser Prozess mit ECM-bindenden Integrinen,
welche eine β1 Untereinheit besitzen, in Verbindung gesetzt [14].
Ziel des ersten Kapitels dieser Arbeit war es, die an der Plasmamembran lokalisierten Effekte ionisierter
Strahlung auf β1 Integrine zu untersuchen. Hierfür wurden 3D kultivierte Zellen mit Röntgenstrahlen
bestrahlt und die nanoskalige Verteilung der Integrincluster mittels Einzelmolekülmikroskopie untersucht
und anschließend quantifiziert. Durch Vergleichsexperimente mit 2D kultivierten Zellen konnte gezeigt
werden, dass die Strahlenresistenz der 3D kultivierten Zellen auf ihrer Fähigkeit beruht, Integrincluster
besser zu organisieren. Im Gegensatz zu 3D Zellen, weisen 2D kultivierte Zellen eine dynamische und
instabile Clusterung der Integrine auf. Zudem konnte nachgewiesen werden, dass die Signalweiterleitung
mittels Integrinen in 2D kultivierten Zellen fehlerhaft ist. Demnach konnte gezeigt werden, dass stabile
Integrincluster 3D kultivierter Zellen zu einer Strahlenresistenz, dynamische und instabile Cluster 2D
kultivierter Zellen hingegen zu einer Strahlensensitivität führen.
Im zweiten Kapitel dieser Arbeit wurde der Integrininhibitor AIIB2 verwendet um die Integrincluster
3D kultivierter Zellen zu destabilisieren und so, in einem kombinierten Ansatz aus Inhibitor und Be-
strahlung, eine Strahlensensitiviät zu induzieren. Integrine sind nicht nur für die Zell-ECM Interaktion
verantwortlich. Durch eine physikalische Verbindung (u.A. Aktin, die Kernmembranproteine Nesprin und
SUN) sind sie mit der nuklearen Lamina verbunden und können so die Chromatinverteilung beeinflus-
sen. Durch das Folgen der mechanobiologischen Verbindung zwischen Integrinen und Nukleus konnte
nachgewiesen werden, dass die CAM-RR 3D kultivierter Zellen auf ein funktionierendes, ausbalanciertes
Mechanoperzeptions-System mit seinem Ursprung in einer korrekten Integrinclusterung beruht. Hingegen
besitzen 2D kultivierte Zellen ein nicht funktionsfähiges, artifiziell versteiftes mechanobiologisches System.
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Das dritte Kapitel dieser Dissertation beantwortet die Frage, ob die membranlokalisierten Effekte
der Röntgenstrahlung auf das Integrinclustering Lipid-raft abhängig sind. Hierbei wird zudem die ge-
neralisierte Abhängigkeit zwischen Raft- und gleichzeitiger Proteinlokalisierung hinterfragt. Integrine
und Cholesterolmikrodomänen kolokalisieren, eine Bestrahlung mit einer hohen Dosis ionisierender
Strahlung ist jedoch in der Lage Integrine aus diesem System herrauszulösen, während Cholesterolrafts
durch die Bestrahlung nicht beeinflusst werden. Dies zeigt, dass (i) die Effekt der ionisierenden Strahlung
auf Integrine Lipid-raft unabhängig sind, aber auch, dass (ii) die Kolokalisierung beider Mikrodomänen
womöglich voneinander unabhängig sind.
Schlussendlich, nur durch einen kombinierten, methodischen Ansatz aus 3D Zellkultur und Einzelmo-
lekülmikroskopie war es möglich das Integrinclustering als Target für die Induzierung der Strahlensen-
sitivität zu identifizieren. Hierbei ist das durch Einzelmolekülmikroskopie bestimmte Proteinclustering
eine erweiterte Form des molekularen Phenotyps, welcher sonst z.B. Proteinaktivitäten beschreibt. Durch
die Implementierung der Einzelmolekülmikroskopie und der 3D Zellkultur in ein Phenotyp-basiertes
HCS könnten die Vorteile beider Methoden die Aussagekraft solch eines Scrennings bereichern: (i) 3D
Zellkulturen spiegeln den in-vivo exprimierten Phenotyp wieder und (ii) Einzelmolekülmikroskopie würde
es ermöglich den molekularen Phenotyp zu bestimmen und den Einfluss möglicher Leitstrukturen auf die
nanoskalige Verteilung eines Targets zu quantifizieren.
Trotz dieser Vorteile basieren vorklinische Screenings zumeist auf artifiziellen 2D Zellkulturen und auf
mikroskopischen Methoden, die eine deutlich geringere Auflösung aufweisen.
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1 Abstract
The cellular interaction with the extracellular matrix (ECM) modulates many key processes such as
proliferation, migration, differentiation and survival. In addition, resistance to ionizing radiation has
been found to be higher in cells cultured in presence of a 3D matrix, a process, which has been termed
cell-adhesion mediated radio-resistance (CAM-RR). These cells are able to properly organize ECM-binding
(extracellular matrix) integrins containing a β1 subunit into firm and stable clusters. Upon irradiation,
these clusters are hard to break. On the contrary, cells cultured under standard, monolayer-based
conditions are unable to keep this clustered status and are therefore radiosensitive. Radioresistance is
thus linked to the ability to maintain a well defined organization of integrins in clusters, making integrin
distribution a potential drug target for radiosensitization.
With the use of the integrin β1 inhibitory antibody AIIB2, a well-known radiosensitizer, it is possible to
induce radiosensitivity and in combination with ionizing radiation (IR) to break integrin β1 clusters of
3D cultured cells. In 2D cultured cells the treatment with AIIB2 completely abolished integrin clustering.
As integrins are the key mediators of cell adhesion and mechanosensing, they originate the molecular
signaling towards chromatin remodeling in response to a cell’s microenvironment. By following the
physical link from integrins up to the nucleus with single molecule localization microscopy, it was found
that the disintegration of integrin clusters has a direct impact on this nuclear mechanosensor. Collectively,
these results show that, in addition to biochemical also mechanobiological cues and in particular nuclear
mechanosensing have to be considered as relevant to uncover the molecular events behind adhesion
related radiosensitivity. Therein, 2D cultured cells are highly artificial and do not provide the means to
investigate mechanobiological aspects.
Not only the involvement of ECM-binding integrins in radioresistance of various tumor types makes
them an important target in actual cancer studies, they also contribute to drugresistance, metastasis and
angiogenesis. So far, the vast majority of high-content screenings (HCS) use flat cultured, highly artificial
monolayer-based 2D cells and standard microscopy techniques. The here achieved results prove that 3D
cell cultures and single molecule microscopy are powerful tools for preclinical screenings. It would be
possible to combine the virtues of microscopy of the nanoscale with the capability of 3D cultured cells to
enhance the predictive value of high-content-screenings (HCS).
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2 General Introduction
2.1 Single molecule microscopy in preclinical screenings
Light microscopy has come a long way from its scientific introduction in the 17th century by Robert Hooke
and Antonie van Leeuwenhoek until today.
The invention of superior optics, fluorescence microscopy and its adaptive development towards confocal
microscopy (CLSM) made microscopy into a method that has a huge impact on answering biological
enigmas. Until 1981 microscopy was bound by its diffraction limit rendering its application on analyzing
processes smaller than 200nm [28]. The development of super resolution imaging by overcoming the
diffraction barrier gave a powerful boost for observations on the nano scale. Methods, such as SIM
(structured illumination microscopy), STED (stimulated emission depletion), PALM (photoactivated
localization microscopy) and STORM (stochastic optical reconstruction microscopy) allow researchers to
observe details down to assemblies of just a few labeled biomolecules. These advancements in optical
microscopy techniques were honored in 2014 with the Nobel prize [29].
Surprisingly, microscopical methods applied in preclinical screenings are still stuck in the techniques
of the 80s. Mainly simple imaging techniques such as wide field fluorescence microscopy or confocal
microscopy are used, neglecting the huge advantages of super-resolution microscopy to image processes
at the nano scale [25].
2.1.1 Preclinical screenings
Preclinical drug development is characterized by a frequent cycle between compound synthesis and
optimization, each of which are followed by a screening step. From a screening point of view, the goal
is to rapidly identify compounds that have a desirable profile and to eliminate those that do not. These
screenings can either be high-throughput (HTS) or high-content screenings (HCS) [30].
In their simplest form, HTS are used to answer well defined questions. Hundreds of thousands of
experimental samples are simultaneously tested under defined conditions. The read-out is an average
over an ensemble of proteins present per well, carried out in multi-well-plates of different formats (from
96 well up to 6144 well) disregarding differences that might exist between molecules (e.g. active and
inactive fraction) and ignoring cellular context altogether[31]. These techniques fail to provide temporal
and spatial resolution and they do not directly show whether the identified molecule has a functional role
in the cellular process of interest or not [32]. High-content screenings (HCS) overcome these limitations
by combining modern cell biology methods with automated high resolution microscopy in form of targeted
or phenotypic screenings.
Targeted- vs. phenotype-based screening
Modern drug development for a specific disease either begins with the so called target- or with a
phenotypic-based screening of a compound library.
In phenotypic screenings (forward pharmacology) compound libraries are screened against cells or
animals with the goal to identify phenotypic deviations from the unchallenged physiological state. Here,
the molecular mechanism and protein target can remain unknown as lead molecules are obtained first.
In the targeted screening approach (reverse pharmacology), compound libraries are screened against
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identified and isolated biological targets [33, 34]. Initially, phenotypic screens used to be the sole
application in drug development. But, molecular target-based drug screenings became the main approach
in pharmaceutical and academic research centers in the past 25 years. However, since the 1980s, the
interest in phenotypic screenings is renewed, leading to an increased number of approved drugs discovered
by phenotypic screens exceeding those obtained through the molecular target-based approach [35].
The cellular phenotype is complex as it is the summation of the activity state of many pathways [36].
There are many different approaches to identify changes in the phenotype, such as cell morphology,
migration and differentiation [35]. Assays targeting cell growth, cell death, intracellular signaling and
protein transcription are widely used. They range from cell cycle analysis over protein expression,
localization and degradation to gene expression analysis. In contrast to the targeted-based screening
approaches, phenotypic assays achieve a higher biological relevance due to the use of small animal- and
cell-based screens. For many diseases small-animal models (zebrafish, Drosophila melanogaster, Xenopus
laevis) exist. Phenotypic screenings that use in vivo models can provide rich information about compound
distribution, metabolism and toxicity but due to species differences, some of these animal models have
a poor relevance for human diseases. Cell-based phenotypic screenings overcome this disadvantage for
primary compound screens as they use human cell lines. The most commonly used assays for cell based
screens are (i) cell viability, (ii) signal pathway and (iii) disease-related phenotypic assays [35].
With the use of phenotypic screens on the level of HCS a highly detailed, multi-parameter profile can be
acquired, which include transcriptional, proteomic and imaging-based measurements. Each method can
quantify changes in several cellular processes that may be amenable for targetings with small-molecule
drugs. The most powerful tool in multi-parameter profiling are DNA and protein arrays. With them it is
possible to survey thousands of genes, mRNAs and proteins at once [37].
2.1.2 Imaging the phenotype
Image-based screenings are a powerful tool to gain systematic insights into biological processes as they
can directly show if the identified molecule has a functional role in the cellular process that is under
investigation - or not [38]. With the use of automated microscopy and image processing it is possible to
screen and quantify changes in the visual phenotype in cells and organism. Under the use of imaging
techniques in the screening pipeline, the phenotypes of each cell in a well can be recorded, leading to very
detailed datasets for every single cell [39]. By measuring multiple cellular phenotypes and subsequent
quantitative data analysis, samples can be sorted in distinct subtypes. This application is, for example,
applied for systematic genome-wide RNA-interference screens for dozens of phenotypes. In addition,
image-based screenings can be used for (i) fluorescent reporter gene screens, (ii) for measurements that
assess changes in sub-cellular localizations and, obviously, (iii) for assays were complex changes of the
morphology are of interest [31, 32].
For all these applications mainly three imaging techniques are used: wide field fluorescence microscopy,
confocal microscopy (CLSM) and flow cytometry. The critical disadvantage of all these techniques will be
the focus of this chapter: They all lack spatial resolution thereby averaging fluorescent signals of several
molecules into a mean intensity value, neglecting the possibility of advanced microscopy techniques to
provide information about the nanoscale distribution and organization of single molecules or proteins of
interest (Figure 2.1 A).
SMD for molecular phenotype screening
Super-resolution techniques provide novel insights into sub-cellular processes and structures as they are
able to resolve features beneath the diffraction limit. Due to the wavelength character of diffracted light,
objects smaller than 200nm in the lateral dimensions (and approximately 500nm in the axial dimension)
are visualized as a blur. But most of the subcellular structures are of smaller size (e.g. membrane proteins,
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Figure 2.1: Single molecule microscopy provides profound information about the molecular pheno-
type. A - D: Obtained signals of fluorescently labeled molecules, the number of fluorophores is
constant. A: Fluorescence microscopy is unable to identify single molecules and only a simple
intensity profile is obtained. B - D: Single molecule localization microscopy is able to provide
information about different molecule distributions, localizations and organizations. This figure
is adapted from Lauer et al. [42]
ribosomes, vesicles) and can only be resolved with the use of super-resolution microscopy techniques.
STED (stimulated emission depletion) or SIM (structured illumination microscopy) are techniques that
modify the extrication light pattern through controlled engineering of the point-spread function (PSF).
With this, a smaller spot size is achieved leading to a resolution of up to 20 nm.
Another method to overcome the diffraction limit employs photoswitchable fluorophores and their
ability to be stochastically activated. With this, very closely located molecules that reside in the same
diffraction-limited volume can be detected by merging all detected localizations obtained with a repeated
cycle of activation and detection. There are various implementations of this single molecule localization
microscopy (SMLM) with the result that this technique is known under different names. This includes
PALM (photoactivated localization microscopy) and STORM (single molecule localization microscopy).
By breaking the diffraction limit up to 25 nm this technique allows for protein co-localization, single
molecule tracking and localization studies on the nano scale.
SMLM as part of preclinical screening would extend the assessment of a cellular phenotype to the
molecular dimension, i.e. the nanoscale localization and organization of molecules or proteins of interest.
While traditional fluorescence microscopy can only give basic information about protein localization and
its local concentration, SMLM can differentiate between different protein organizations and localizations
(Figure 2.1 B - D). With this it would be possible to screen for compounds that have a direct effect on the
nanoscale organization and localization of proteins, which in turn directly effects protein activity [40],
signaling [41] and therefore cell fate.
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2.2 In vivo -like cell cultures for cell-based screenings
Not only advanced microscopy techniques are unconsidered in preclinical screenings, even worse, the
industry is only slowly moving towards advanced cell culture techniques which better mimic in vivo
conditions. Most assays use monolayer-based cell cultures that present a highly artificial environment to
the cells. The use of such cell culture systems, termed 2D cell cultures, has a limited predictive value for
clinical efficacy of compounds as these cells lack three important aspects: (i) They lack dimensionality as
these cells are not allowed to adhere to extracellular supports or adjacent cells with their entire surface,
(ii) provide a highly polarized rather than homogeneous mechanical environment and (iii) lack the ability
to maintain local concentration heterogeneities, e.g. gradients of soluble compounds (see Figure 2.2 A
and B).
To successfully screen for compounds a cell culture system does not only have to mimic in vivo conditions,
but it should also enhance the predictive value of HCSs [1].
2.2.1 3D cell cultures and their advantage towards 2D cells
In recent years, many methods were introduced to fill the gap between monolayer-cultured 2D cells
and animal models. All these cell culture techniques mimic the in vivo conditions by providing physical,
(bio)chemical and mechanical properties of tissues in respect to cell-cell and cell-extracellular matrix
(ECM) interactions as well as soluble factors [3, 4]. The most commonly used - so called 3D cell culture
systems - are based on multi-cellular spheroids or on ECM materials that surround the cells.
Cellular spheroids are cell aggregates generated within a hanging drop or in rotating-wall vessels. In
both cases, the natural tendency of a variety of cell types is used to form tissue-like aggregates [2] (see
Figure 2.2 E and F). Spheroid cell cultures are usually used to mimic chemical gradients (e.g. oxygen, drug
delivery, metabolites and nutrients) and tumor tissue. With this technique it is possible to easily generate
co-aggregates of different cell types and with this, to better analyze complex intra-and inter-cellular
signaling circuits [43].
On the other hand, in vivo properties can be imitated by culturing cells embedded in an ECM (see
Figure 2.2 C and D). The extracellular matrix provides an adequate distribution and density of adhesion
sites, mechanical resilience and local concentrations of solutes. Cells interact through ECM receptors
(e.g. integrins) with binding motifs of ECM molecules and migrate by using ECM-cleaving proteins
(metalloproteinases, MPPs). For an ECM-based 3D cell culture system, natural ECM sources such as
collagen (e.g. types I, III, V and XI) [44], elastin, laminin, fibronectin [45] or complex protein mixtures
such as Matrigel [46] can be used as a scaffold for cells. Hereby, collagen I is the main component of
the ECM in interstitial tissues determining the spatial organization and stability of connective tissue.
These natural ECM sources provide the needed presentation of recognition motives (e.g. RGD) as well as
cleavage sites for cell-induced remodeling of the ECM [47, 48]. ECM-based 3D cell cultures are used in
the form of hydrogels with a water content of up to 99% (w/w) and with similar viscoelastic and diffusive
transport characteristics as the natural ECM [3].
Besides the use of natural ECM scaffolds, also synthetic forms of ECMs are commonly used, typically in
the form of nontoxic PEG (polyethylene glycol) hydrogels or semi-synthetic gels such as GelMA (gelatin
methacryloyl). Especially for manipulations of the scaffold itself such ECM variants are prone, as physical
properties are controllable [49, 50].
Cells cultured in a 3D cell culture system show, in comparison to 2D cultured cells, not only a
different gene expression [6, 51, 52], morphology [53], cytoskeletal organization [54], migration [5] and
proliferation rate [6, 7] but also a different distribution in cell cycle phases [55]. All these phenotypes
differ if compared to 2D cultured cells due to a different expression pattern of proteins with a huge impact
on the effectiveness of cancer inhibitors [9, 8, 10]. With this it is obvious that the standard monolayer
2D cell culture is not suitable as a cell culture system in preclinical screenings as it is irrelevant for the
identification of new drugs. Additionally, while it is well accepted that the micro environment has a
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Figure 2.2: 3D cell culture system has a strong impact on the cells A: Flat cultured 2D cells. B: Actin
(magenta) and DNA (cyan) staining of a 2D cultured MEF cell. Scale bar is 5 µm. C: ECM-based
3D cell culture. D: MEF cell (PM staining with cell mask orange, blue) cultured in a collagen
hydrogel (gray). Scale bar is 10 µm. E: Spheroid 3D cell culture. F: HeLa spheroids, PM staining
with cell mask orange. Scale bar is 100 µm.
profound impact on cell physiology, the vast majority of experiments in cancer and biological research are
still done with artificial, 2D cultured cells [56].
In addition, it is possible to use whole animals or organs as in vivo imitating models. Organotypic
slices preserve the cytoarchitecture and the cellular differentiation of the original tissue. Small animals
(e.g. zebrafish) or mammalian embryos (e.g. mice) provide data on the behavior of cells in their original
physiology with the opportunity for time-lapse imaging. But these two techniques are highly demanding
in their standards, as tightly controlled temperature and oxygeneration are needed, thus rendering them
impracticable for HCS applications [2].
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2.3 Integrins in cancer research
The vast majority of in vitro cancer studies are still performed with the use of 2D cultured monolayer cells,
even trough these artificial culture conditions result in misleading research observations and hypotheses
[56]. To enhance the predictive value of cell culture systems in tumor studies, the advances in 3D cell
culture engineering need to become an integrative part of cancer research.
Cancer is a disease involving changes in the genome that produce oncogenes with gain of function and
tumor suppressor genes with loss of function. These changes are acquired during a multi step development
of tumors leading to the following capabilities of cancer cells:
(i) Cancer cells are able to avoid apoptosis, they (ii) sustain their proliferative signaling, (iii) evade
growth suppressors, (iv) activate invasion and metastasis, (v) are immortal, (vi) induce angiogenesis, (vii)
reprogram the energy metabolism and (viii) evade immune destruction [57, 58].
In cancer treatment, ionizing radiation (IR) and anti-cancer drugs are used to cause DNA damage
or to inhibit signaling pathways that lead to cell death. One of the major problems in cancer therapy
is the resistance of cancer cells against chemotherapeutics and radiation, limiting the effectiveness of
current cancer therapies. Screening approaches have the power to identify novel mechanism of these
two resistances as well as their molecular signatures and genotypes that predict tumor response if (i) the
correct cell culture system (ii) and the proper screening method is used [59].
One important group of proteins contributing to drug- and radioresistance are the extracellular matrix
receptors integrins. In addition, integrins are known to be responsible for tumor metastasis and angio-
genesis as well as cancer progression and cell survival, which makes them an important target for tumor
therapy [22, 23]. Further more, integrins are also found in tumor-associated cells, such as the vascular
endothelium or fibroblasts, regulating the contribution of such cells to cancer progression. Never the less,
integrins itself are not oncogenes. Rather, some oncogenes require integrin signaling. In addition, some
growth or cytokine receptors in cancer and host cells crosstalk with integrins, affecting expression, ligand
affinity, and signaling of these receptors. Integrin expression in different cancer types is associated with
diverse phenotypes. For example, in melanoma cells lymph mode metastasis is promoted by integrins, in
colon cancer integrin expression is associated with a reduced patient survival [60].
2.3.1 Integrins
One of the key mediators for the cell’s interaction with the ECM are integrins, which are noncovalently
linked, heterodimeric type I transmembrane proteins consisting of an α and β subunit [26]. In total, there
are 18 α and 8 β subunits, which assemble to 24 known integrin heterodimers [61]. Upon a successful
interaction of integrins with the ECM, many integrins as well as membrane associated and intracellular
proteins cluster into large assemblies known as focal adhesions (FAs) [62]. The extracellular domain of
ECM-binding integrins recognizes the conserved tripeptide Arg-Gly-Asp (RGD) of ECM proteins such as
collagen, laminin or fibronectin [26, 63]. RGD is bound at the interface between the α and β subunit
[64, 65] of integrins containing e.g. the αV, β1 or β3 subunit.
The binding between integrins and ECM leads to the so called outside in activation, triggering changes
of the cytoskeleton or gene expression, cell migration, proliferation as well as cellular survival [11, 12, 13].
These processes are transduced by the recruitment of FAK (focal adhesion kinase), the recruitment and
activation of SFKs (Src-family kinases) and by the activation of PI3K (Phosphoinositide 3-kinase). Integrin-
ECM communication is tightly involved in tumorgenesis and cellular reactions to anti-cancer treatment.
ECM-binding integrins are known to contribute to tumor progression and they are overexpressed in many
tumors and malignant cell lines [66, 67].
While the outside in activation is an example for the activation of traditional receptors, integrins can be
additionally activated by the inside-out mechanism. Here, an intracellular activator (e.g. talin, kindlin)
binds to the β tail leading to a conformational change in the integrin dimer and its subsequent activation
and its increased affinity towards extracellular ligands [68, 69].
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2.3.2 Integrins and their role in CAM-RR
One powerful example for the false use of 2D cells in anti-cancer research concerns integrin adhesion
receptors. 2D cells are not only differently affected by anti-cancer drugs [9, 8, 10], in comparison to 3D
cultured cells they are significantly more sensitive towards ionizing radiation. The radiosensitivity of 2D
cells has its origin in a disturbed distribution and organization of integrins containing a β1 subunit [41].
In contrast, the ability of 3D cells to better organize β1 integrins contribute to the ability of 3D cells to be
radioresistant. This effect is also known as cell-adhesion-mediated-radio-resistance (CAM-RR) [27, 14].
So far, CAM-RR was linked to the chromatin structure that differs between cells cultured under 2D and
3D conditions [70]. Namely, the presence of a higher fraction of heterochromatin in 3D cultured cells
was shown to correspond to a decreased amount of residual DNA double strand breaks (DSB) after X-ray
irradiation [17]. While integrins as the key mediators of a cells interaction with the ECM, are clearly
involved in this culture-condition dependent effect, mainly the players acting downstream of integrin
signaling have been thoroughly investigated (ILK, FAK, JNK1, Akt1, PINCH1, HDAC) [18, 19, 20, 21].
Focal adhesions
Focal adhesions are multi functional organelles that mediate many cellular processes, such as cell-ECM
adhesion, force transmission, cytoskeletal regulation, cell mobility and signaling [62]. Focal adhesions
are multi protein arrays that link ECM-binding integrins with the actin cytoskeleton (see Figure 2.3).
This integrin-adhesome consist of more than 150 distinct components [71], whereas the main proteins
that form the link between integrins and the cytoskeleton are: talin, vinculin, paxilin and FAK (focal
adhesion kinase) [72]. Integrins reside in focal adhesions through free-diffusion and immobilization
cycles, whereas integrin activation promotes immobilization stabilized by actin and ECM binding [73].
Not only the proteins inside the focal adhesion are highly dynamic, also the whole multi-protein complex
is always in a process of adhesion turnover and maturation. Focal adhesions are cellular structures with a
size of 200 nm and below [74], whereas most of the knowledge about them was obtained from 2D-based
cell cultures [75]. At first is was proposed, that focal adhesions are an artifact of 2D cultured cells but, by
reducing the background-fluorescence in 3D cultured cells, adhesion complexes were also revealed in
ECM-based cell cultures [76]. Still, it was also discovered that FAK signaling is fundamentally different if
2D and 3D cultured cells are compared - 2D cells express twice as much active FAK (phosphorylated focal
adhesion kinase) as 3D cultured cells implying that the focal adhesion signaling, with its origin in the
interaction of integrins with the ECM, is by its very nature different [41].
2.3.3 Protein and lipid clustering
The term clustering is generally associated with the interaction of different subunits of proteins to form
dimers or heterodimers. For integrins, the combination of α and β subunits causing the recruitment of
multivalent protein complexes to the cytoplasmic domain is meant in this context.
For this thesis the term clustering is defined as the association of many integrin subunits within a zone
of about 200 nm where the mobility is confined [73]. These regions are multiprotein complexes known as
focal adhesions. Still, whether clustering triggers outside-in signaling to facilitate integrin activation, or
whether clustering occurs after integrin activation has yet to be fully understood. There are many other
known protein clusters present in the PM including the synaptic protein syntaxin, [77], signaling protein
Lat [78], GPI anchored proteins [79] and cytoskeleton components such as actin [73].
The term clustering is not only used for protein assemblies. One of its prominent forms is used in the
context of lipid microdomains - known as lipid rafts. Physical differences in lipids such as chain length,
chain geometry and head group cause different membrane components of the plasma membrane (PM)
not to be homogeneously distributed on the cell surface but rather to aggregate in domains. Specifically,
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Figure 2.3: Focal adhesions connect ECM-binding integrins with the cytoskeleton. Main components
are: FAK (focal adhesion kinase), paxilin, talin, vincluin and actin. Focal adhesions are known
to comprise of more than 150 distinct components including structural proteins that mediate
the physical link to actin (e.g. paxilin, vincluin) and regulatory proteins (e.g. FAK).
sphingolipids and cholesterol aggregate in microdomains known as lipid rafts [80, 81]. Lipid rafts are
highly dynamic structures (10 - 200 nm) that limit the free diffusive properties of biomembranes as
proposed by Singer and Nicolson in their fluid mosaic model [82]. These micro structures are known to
function as parts of signaling cascades or as platforms for membrane protein clustering and therefore for
protein activity [40]. Proteins localize in lipid rafts either due to a direct interaction with the lipid head
group or due to physical forces such as lateral pressure, charge interactions or the local curvature of the
membrane [83].
Still, the generalized view of lipid rafts as an organizing platform is highly questionable as reported for
the case of integrin and cholesterol. Integrins are known to reside in cholesterol lipid rafts [84], but it
was found that integrin and cholesterol clustering is lipid-raft independent.
2.3.4 Imaging and quantification of clustering
To image the effects of drug treatment or ionizing radiation on the nanoscale distribution of integrins and
other molecular phenotypes, SMLM is used. This method is not only compatible with 2D cultured cells,
but also with 3D cell cultures [41]. For cells cultured on a coverslip TIRF microscopy can be used to image
protein distributions. This method uses the total reflection of the incoming LASER (light amplification
by stimulated emission of radiation) at the glass-water interface to generate an evanescent field. Total
internal reflection can only be observed if the light travels from a medium with a higher refractive index
(e.g. glass dish, n = 1.5) to a medium with a lower refractive index (e.g. water phase (cytosol) n =
1.3). During this process, a portion of the energy of the reflected light forms the so called evanescent
wave originating at the class-water interface, whereas the evanescent field has the same frequency as the
incident light. Fluorophores within this field are not excited by the absorption of photons but by getting
in resonance with the electromagnetic field. The penetration depth, which is the distance at which the
intensity exponentially falls to half of the value at the glass-water interface, of this field is typically in the
range of 100 nm making it is possible to exicate fluorophores with a dramatically reduced background
fluorescence and in consequence a contrast unmatched in fluorescence microscopy [42].
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Figure 2.4: Single molecule microscopy of 3D cells and its data analysis A: Illumination scheme for TIRF
microscopy. B: Illumination scheme for HILO microscopy. C: Analysis of single molecule data
with the Ripley’s K function. Shown is a scatter plot where every point is a detected molecule.
The Ripley’s K function computes every signal that falls within the marked radius for every
detected signal. A and B were prepared by PD Dr. T. Meckel, TU Darmstadt.
3D cell cultures are not amenable to this method as these cells are not in the range of the evanescent
field. To measure single molecules in 3D cells it is possible to combine STORM with HILO (Highly inclined
laminated optical) sheet based microscopy [85]. Here, an axially confined illumination is achieved by
focusing the excitation LASER off-center into the the back focal plane of a high NA objective. The beam
refracts at the coverslip-water-interface and propagates into the 3D cell culture at a shallow angle to the
coverslip, while also crossing the focal plane of the objective. The result is an axially confined illumination
zone and an axially and laterally confined detection zone. With this, only a subfraction of STORM capable
dyes (e.g. Alexa-488 or Alexa-633) linked to antibodies can be activated, excited, and detected allowing
for a contrast sufficient to robustly detect individual antibodies and localize their signal with a precision
of typically 30 nm [41].
With this it is possible, to image single molecules of cells cultured in 2D and 3D under life-cell or fixed
conditions and to quantify the obtained data. Rapid and complete immobilization fixation protocols [86]
make it possible to get snapshots of the highly dynamic clustering process of proteins. To quantify these
snapshots the Ripley’s K function is used. This method computes the average number of signals that
fall within defined radii of each detected single molecule. With this it is possible to obtain (i) a value
that describes the clustering of the analyzed dataset and (ii) the mean radius of the analyzed clusters
[87, 88, 89]. A detailed description can be found in the supplementary of Babel et al. (Section 6.1).
Based on this method it is possible to further quantify the data, parameter such as: number of clusters,
signals per cluster, cluster density or the ratio of clustered vs unclustered signals can be determined [90].
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2.4 Mechanobiology and its impact on CAM-RR
Integrins are front and center in the cellular processes that belong to the emerging field of mechanobiology.
Integrins link the extracellular matrix with the intracellular cytoskeleton directly enabling cells to sense
and produce mechanical forces [91]. As CAM-RR has its origin in a proper nanoscale distribution of β1
integrins, the involvement of mechanobiological cues come more and more into focus.
Mechanotransduction is defined as the process by which cells translate mechanical stimuli into bio-
chemical signals, enabling cells to sense changes in the physical environment and adjust their structure
and function accordingly [92]. One classical and powerful process, were mechanobiological signaling is
crucial, is migration. Cell migration through 3D tissue or confined microenvironments is highly dependent
on the cells ability to alter physical tissue constrains and cell deformability [93]. The cells ability to
be deformable relies on cytoskeleton and nuclear shape reorganization [94]. The nucleus is thereby
mechanically linked with the ECM via multiple proteins that transmit forces to the nuclear envelope and
into the nuclear interior, converging the main structural protein of the nucleus - the nuclear lamina [95].
2.4.1 3D cell culture sensed by integrins - Integrins and their impact in mechanobiology
Integrins, as the key mediators of cell adhesion not only facilitate the mechanical anchoring of cells to
extracellular supports but also originate the ability of cells to sense the mechanical properties of their
surrounding. Intriguingly, the mechanical information is not transmitted via signaling cascades, but a
direct continuous connection between the ECM and chromatin is responsible for signal transmission
[96, 97]. Changes in the microenvironment are detected and transferred via actin and nuclear envelope
proteins (nesprin-1 and 2, SUN1 and 2) into the nucleus, leading to a reorganization of the nuclear
lamina [91, 98]. With this connection, 3D cultured cells are able to mirror changes in the ECM directly in
the nucleus [99, 100], as the nuclear lamina is reorganized and transcription factors are activated [101].
The nucleoskeleton lamin forms a network of intermediate filaments on the nucleoplasmic surface of the
inner nuclear membrane and is mechanically interconnected with chromosomes which are positioned in
distinct locations [102, 103]. Lamin associated proteins (e.g. lamin B receptor, emerin) anchor the lamin
network with chromatin structures and enable lamins to regulate DNA synthesis, chromatin organization
and gene transcription [104, 105]. In particular lamins A and C provide structural support to the nucleus
and define, together with the ECM, the final ends of the mechanotransduction system.
Hence, integrins act as a mechano-sensor and bring the culture conditions and chromatin organization
into a direct molecular connection. On the other hand, the so called LINC (linker of the nucleoskeleton
and cytoskeleton) complex, composed of KASH (nesprin) and SUN domain proteins, located at the outer
and inner nuclear membrane, is the second mechano-sensor (see Figure 2.5). Much like integrins bridge
the plasma membrane to couple the ECM with the cytoskeleton, the LINC complex bridges both nuclear
membranes to physically link actin, microtubules, or intermediate filaments to lamins turning the nuclear
envelope into a force-sensitive interface between the cytoplasm and the chromatin [95].
The advantage in the use of this mechanical link instead of soluble signaling factors lies in its speed.
Mechanical force propagation from the ECM to the nucleus is nearly immediate (∼1 ms). In comparison,
small molecules, such as calcium, take about 25 s, a motor-protein based translocation even up to 50 s.
This makes the mechanical link between integrins and the nucleus the fastest way to transport information
[91].
Integrin clustering and nuclear lamin distribution as a read out for force transmission
Both, the clustering of integrins and the lamin distribution at the inner nuclear membrane are markers
for a correct force transmission and nuclear mechano sensing. A combined approach of super- and
high resolution microscopy reveals significant differences between the two mechano-sensors, making (i)
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Figure 2.5: LINC (linker of nukleoskeleton and cytoskeleton) complex turns the nuclear envelope into
a mechano-sensor. LINC complex components are: actin, nesprin and SUN proteins. Nesprins,
a member of KASH proteins, reside in the outer nuclear membrane (ONM) and interact towards
the cytoplasm with actin and, towards the inner nuclear membrane (INM), with SUN proteins.
SUN proteins reside in INM and are linked inside the nucleus to the nuclear lamina (Lamin). The
nuclear lamina interacts with chromosomes and contributes to spatial genome organizations.
integrin clustering and (ii) the nuclear lamin distribution and organization to a read out for a correct
force transmission between ECM and nucleus (see Figure 2.6).
Integrin clustering is a mechano sensor
Integrins are the key proteins that connect the cell with the ECM. It comes to no surprise, that the
nanoscale distribution and localization of ECM-binding integrins differ if 2D and 3D cultured cells are
compared. With the use of SMLM it was detected that 3D cultured cells keep nearly all integrins in a
clustered organization. Only about 10% of all detected integrins are not part of a cluster. Further more,
these cells contain more β1 integrins per cluster and even keep different integrins within the same clusters
(αvβ1, αvβ3 and β1β3), if compared to 2D cultured cells. 3D cells are therefore able to combine integrin
heterodimers with similar functions (to bind ECM) within the same cluster. 2D cultured cells are unable
to maintain this level of organization. A significant portion of β1 integrins freely diffuse (about 25%) in
the plasma membrane, rendering them unable to take part in signaling. In addition, integrin subtypes
were found to segregate into separate clusters rather than colocalize within the same clusters as in the 3D
case. With this, it is obvious that the cell culture condition, and therefore the given mechanical stimuli,
alone cause a marked difference in the ability of cells to maintain well organized integrin clusters (see
Figure 2.6 and [41]).
Nuclear lamin organization is a mechano sensor
With integrins as the originator of the cells ability to sense mechanical properties, it comes to no surprise,
that the nuclear envelope located marker for force transmission, the interface between actin - nesprin
- lamin, differs greatly if 2D and 3D cultured cells are compared. With the use of confocal microscopy
it was identified that the network of lamin intermediate filaments on the nucleoplasmic surface of the
inner nuclear membrane is highly ECM dependent. 2D and 3D cultured cells differ in their distribution of
lamin A/C beneath the inner nuclear membrane vs intranuclear signals. Intensity values of inner nuclear
signal are significantly higher in 3D cultured cells. The soft environment made up of ECM yields in a
reduced cytoskeletal tension and into higher levels of lamin A/C phosphorylations [100], which in turn,
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yields a more soluble and mechanically weaker lamin network [92]. In other words, the softer the cellular
environment, the more flexible and mobile the nuclear space. The mechano-balance, with its origin in a
proper localization of integrins in clusters, is responsible for the 3D cells ability to reorganize its nuclear
lamina in response changes in the ECM.
With the speed-advantage of the mechanical link between ECM and nucleus, force propagation along
the cytoskeleton component actin is used to transport mechanical signals. Actin and lamin colocalize
in form of strong, fibrous colocalizations between both filamentous proteins in 2D cultured cells. On
the contrary, prominent f-actin bundles are more or less absent in 3D cultured cells leading to a far less
intense colocalization and organization of lamin into fibers under 3D conditions, revealing that the force
propagation between ECM and nucleus is by it’s very nature incomparable.
With this it can be concluded, that the two cell culture conditions alone cause a marked difference (i)
in the ability of cells to maintain well organized integrin clusters (ii) and to distribute lamin between the
nuclear lamina and the intranuclear space.
The integrin - actin - LINC - lamin connection is able to mirror the mechanical properties of the ECM
in the nucleus. Inside the nucleus the nucleoskeleton lamin is connected with chromosomes - so that
any treatment of cells with the nucleus as the prime target needs to take this connection into account.
With this connection in mind, the 3D environment was identified as a strong contributor to cell survival
and numerous signaling pathways like Akt (Park et al. 2008), or NF-κB [106] were found to be involved.
Recently, the inhibition of β1 integrin was also shown to reduce the expression of proteins involved
in DNA repair, mainly those involved in non-homologous end joining (NHEJ) (Dickreuter et al. 2016),
providing direct evidence for the reason behind CAM-RR.
Integrin clustering is the first sensor for radioresistance
Focal adhesions containing the β1 integrin subunit are a fast and sensitive compounds to react on ionizing
radiation and are therefore the prime read out for radioresistance. 2D cells are unable to organize β1
integrins into firm and stable clusters but instead display a rather loose and heterogeneous organization.
Upon irradiation this unstable condition is severely disrupted by low doses of IR and upon an irradiation
with a high dose it completely breaks apart (see Figure 2.6 K). On the other hand, 3D cells are not affected
by low doses of IR and only slightly upon irradiation with high doses of IR. Compared to 2D cultured
cells, 3D cells are able to strictly organize integrins in stable clusters (see Figure 2.6 D). Hence, the ability
of 3D cells to form stable integrin clusters contributes to their radioresistance.
2D and 3D cells differ not only in their ability to organize integrins into firm clusters and in their
organization of the mechanical link involving actin - LINC and lamin. Also the immediate downstream
partner, the FAK (focal adhesion kinase) differs if (i) 2D and 3D cultured cells are compared and (ii) its
reaction towards IR is cell culture dependent. The number of activated FAK, its phospohorylated form
pFAK, is in 2D cultured cells twice as high as in 3D cultured cells. The amount of pFAK is reduced upon
treatment with IR only in 2D cells, whereas 3D cells are, again, not affected by this treatment.
The mechano-system is the second sensor for radioresistance
Through the SMLM of integrins and subsequent cluster analysis the nanoscale distribution and orga-
nization and its changes in response to IR are clear. However, for these differences to have an effect
on cellular reactions, survival and CAM-RR, signaling from the organized and - upon IR - disintegrated
integrin clusters have to change as well. It comes to no surprise, that with integrins as the originator
of mechanotransduction, effects on their cluster status also changes the force transmission along the
integrin - actin - LINC - lamin connection which makes the whole mechano system of a cell a read-out for
radioresistance.
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Along this connection, the distribution of NE located and inner-nuclear located lamin as well as the
interface actin - lamin, located at the NE, are markers for a correct mechano-force transmission and
consistently for radioresistance.
The ability of lamin to form a thin layer beneath the NE (NE-Lamin) versus a dispersed intranuclear
localization (IN-Lamin) is a useful indicator of the forces that are transferred from the stiffness of the
culture environment to the NE via actin and nesprin. In 3D cultured cells, the fraction of IN-lamin
is 1.5x higher if compared to 2D cultured cells. In response to IR, 3D cultured cells with their intact
mechanosensing, reorganize their laminar. On the contrary, 2D cells with their impaired mechanosensing,
are unable to do this (see Figure 2.6 E and L).
For 2D cells, the entire mechanosensing chain is affected by IR: (i) complete integrin cluster break-down,
(ii) actin cytoskeleton is fragmented and (iii) the actin - nesprin - lamin interface is lost. With the loss
of the mechanosensing system, NE located lamin can not redistribute towards the nucleus center. In
contrast to 3D cultured cells, here (i) integrin clusters only slightly shifted, (ii) actin is not fragmented
upon irradiation and (iii) the actin - LINC complex is intact and is still part of the mechanosensing. The
less rigidly connection between actin and lamin seems to be responsible for the lamin reorganization
and redistributions to intranuclear regions in 3D cultured cells, which is part of the 3D cells ability to be
radioresistant.
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2.4.2 Targeting of integrins - turning 3D cells into 2D cells?
Stable integrin clusters contribute to the radioresistance of 3D cultured cells. With this, it is reasonable to
assume that if radioresistance relies on intact integrin clusters an active disintegration of integrin clusters
may in turn induce radiosensitivity. In short, the firm clustering of 3D cells needs to be transformed into
the unorganized integrin distribution of 2D cultured cells. For this, an antagonist against the ability to
form clusters, rather than antagonist that target the ligand-binding side, has to be used.
Integrin antagonists Cilengitide
Cilengitide is a selective αvβ3 and αvβ5 integrin inhibitor made up of a cyclic RGD pentapeptide
(cyclo(RGDfV-)). This inhibitor uses the cell attachment site of various ECM molecules - the RGD motif
[63]. Both integrins, αvβ3 and αvβ5, are upregulated in endothelial and endothelium cells undergoing
angiogenesis - which makes Cilengitide an inhibitor for angiogenesis [107]. Cilengitide has anti tumor
activity in recurrent glioblastomas, where it inhibits angiogensesis, tumor invasion and proliferation.
These positive anti-angiogenesis can be further increased by a combination with classical anti-cancer
drugs. Still, the addition of Cilengitide to temozolomide chemotherapy did not improve therapy outcomes
(phase III trial) so that Cilengitide will not be further developed as an anti-cancer drug at Merck KGaA,
Darmstadt [108].
Integrin inhibitor AIIB2 targets clustering and induces radiosensitivity
While Cilengitide is a classical small-molecule antagonist, AIIB2 is a monoclonal antibody against integrin
β1. By binding integrin β1 it inhibits the integrins ability to attach the cell with the ECM. This antibody
is well known to enhance the radiosensitivity towards IR of 3D cultured cells and mice xenografts
[18, 109, 110]. So far, mainly the effects of AIIB2 induced integrin inhibition on diffusion based signaling
involving Akt [109] or NF-κB [106] were analyzed.
With its ability to induce radiosensitivity in 3D cultured cells it is righteous to ask if this is connected to
the potential ability of this inhibitor to destabilize integrin cluster and therefore to shift mechanobalance.
And indeed, 3D cultured cells treated with the AIIB2 integrin β1 inhibitor exhibit an impaired cluster
status by still remaining a mechanical link between integrins and the nucleus. Only a combined treatment
of IR and AIIB2 leads to an interruption of the mechanobiological balance with clear effects at both ends
of the mechanobiological system: On one end, integrins decluster as the tension feedback is lacking,
and on the other end, lamin redistribution, as a tension signal, is lost (see Figure 2.6 F and G). This
radiosensitive mechanobiological system is not at all comparable with the radiosensitiviy of 2D cultured
cells. The pre-tension of the mechanosensing machinery of 2D cultured cells is on a high level that does
not allow for an adaptive response upon any treatment including AIIB2 or IR treatment. The 2D culture
condition itself can be viewed as a stress factor, so that it comes to no surprise, that cell cultured under
2D and 3D conditions show a different response to any additional treatment (see Figure 2.6 M and N).
It became evident, that the 2D cell culture system is highly artificial and does not provide the means to
investigate mechanobiological aspects.
With this it is possible to draw a connection between radiosensitivity and mechanobiological cues. The
target is hereby the clustering of integrins itself. However, microscopy capable to monitor the nanoscale
distribution in cells cultured in meaningful 3D environments would need to become an integral part of
the preclinical screening process.
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Figure 2.6: Integrin clustering and lamin organization as (i) a mechano sensor and a marker for ra-
dioresistance (ii) as well as a target for radiosensitization. (A) 3D cultured cells exhibit (B)
stable and firm integrin clusters and (C) only partly colocalizing meshworks of lamin and non
dominantly f-actin, which surround the nucleus. (D) Upon high doses of IR integrin clustering
is only slightly affect, leading to a shift in the mechano-homeostasis resulting in (E) a higher
intranuclear signal of Lamin. The apical actin - lamin connection and therefore the transmis-
sion of mechanical cues is not affected. (F) Only a combined treatment with high doses of
ionizing radiation and integrin β1 inhibitor AIIB2 lead to (F) a integrin cluster break-down and
subsequent loss of nuclear mechanosensing (G) as also the actin - lamin connection is lost. (H)
2D cells exhibit (I) a loose and dynamic organized integrin clustering and (J) a strong, fibrous
colocalization of actin and lamin resulting in an impaired mechanosensing. (K) Upon low and
high doses of IR integrin clusters fall apart and (K) the overstressed interaction between actin
and lamin is lost. With the loss of mechanosensing, the nuclear lamina can not be reorganized.
(M) Combined treatment of IR and AIIB2 can not further stress the integrin clustering (N) but
also leads to actin fragmentation and to the loss of apical lamin.
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2.5 Are the PM located effects on integrin clustering lipid raft mediated?
The ability of integrin clustering to be a target for induced radio sensitivity proves that beside DNA damage
and its subsequent repair, plasma membrane (PM) located events are a powerful tool in radiotherapy.
It is well accepted that IR has profound affects on the PM, mainly lipid peroxidation, generation of
ceramides and its organization in ceramide lipid rafts are well studied. Thereby, the generation of reactive
oxygens (ROS) damages and modifies lipids directly and activates sphingomyelinaes (SMase) that in turn
transform sphingomyeline into ceramide. Ceramide rafts are known to spatially reorganize receptors
(e.g. cytokine receptors, death receptors and toll-like receptors) and intracellular signaling molecules
contributing to apoptosis [111, 112, 113]. With ceramide being pro-apoptotic, inhibitors of SMase may be
a useful tool in radiation therapy, as radiation induced-apoptosis of non-tumor tissue may be attenuated
[114, 115, 116].
Nevertheless, PM located signaling also includes lipid organization and dynamics. As the impaired
integrin signaling of 2D cultured cells already suggests, also the membrane dynamics itself and the
organization of lipids in its rafts differ significantly if 2D and 3D cultured cells are compared. While 3D
cultured cells exhibit a higher membrane mobility, 2D cell possess higher clustered lipid rafts (cholesterol
microdomains) with a smaller radius if compared to 3D cultured cells.
2.5.1 Effects of IR in the PM located integrin β1 clustering are lipid raft independent
With the use of ionizing radiation as a strong extrinsic manipulator of integrin clustering it is possible to
interfere with the coclustering of cholesterol containing lipid rafts and β1 integrins. Integrins decluster
in response to high doses of X-rays [41], while cholesterol rafts are surprisingly stable - even after a
sudden and complete disappearance of proteins they colocalize with. With this it became clear, that the
membrane located effects of IR on β1 integrin clustering are lipid raft independent.
Integrin clusters colocoalize with cholesterol rafts, implying that the integrin activation and its ability
to bind ECM molecules is raft dependent. This generalized view, that only because a protein is part of a
lipid raft its activity depends on this localization, is challenged when the reaction of both, integrin and
lipid clustering, is analyzed upon irradiation with high doses of IR. If lipid rafts are responsible for the
protein cluster stabilization, it was expected that IR breaks cholesterol raft organization in concert with
integrin cluster break down. Still, integrins disintegrate in a lipid raft independent manner. Even high
doses of IR could not break the cholesterol raft organization. This effect is prominent in 2D cultured cells,
here a high dose of IR leads to a complete integrin cluster break down and integrin - lipid raft separation,
whereas cholesterol rafts stay clustered (see Figure 2.7 C and D). In 3D cultured cells, high doses of IR
lead to a slight decrease in integrin clustering, but still, some integrin cluster remain intact. These integrin
clusters still colocalize with cholesterol microdomains (see Figure 2.7 A and B). This small experiment
shows, that it is possible to separate proteins from their lipid raft localization by an extracellular stressor
and that cholesterol rafts are a far more stable system than expected. But this experiment also indicates
that neither, the integrin nor the cholesterol clusters are responsible for the organization of the other,
questioning the generalized view that lipid rafts are organizing platforms.
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Figure 2.7: Effects of IR in the PM located integrin β1 clustering are lipid raft independent. Integrin
clusters colocalize in cholesterol microdomains. (A) Stable and firm organized integrin clusters
of 3D cultured cells interact with binding motifs (e.g. RGD) of the ECM. (B) Upon irradiation
integrin clustering is slightly reduced but integrin clusters remain in cholesterol rafts. Binding
to the ECM is still possible. (C) Mobile and dynamic integrin cluster of 2D cultured cells also
localize in cholesterol rafts. (D) Upon irradiation integrins decluster and separate from their
cholesterol raft localization. Cholesterol rafts are not affected by IR.
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2.6 Aim of this thesis
In cancer treatment, ionizing radiation (IR) and anti-cancer drugs are used to cause DNA damage or to
inhibit signaling pathways that lead to cell death. One of the major problems in cancer therapy is the
resistance of cancer cells against chemotherapeutics and radiation, limiting the effectiveness of current
cancer therapies. One important group of proteins contributing to drug- and radioresistance, are the
extracellular matrix receptors and key mediators for cell adhesion - integrins [22, 23].
The cellular interaction with the extracellular matrix (ECM) modulates many key processes such as
proliferation, migration, differentiation and survival [11, 12, 13]. In addition, cells cultured under 3D
conditions in presence of an ECM display a marked radioresistance towards ionizing radiation (IR) in
comparison to conventionally 2D cultured cells. This process, also known as cell-adhesion-mediated-
radio-resistance (CAM-RR) and is linked (i) to ECM-binding integrins containing the β1 subunit and
(ii) to the chromatin distribution that differs between cells cultured on stiff surfaces versus cell grown
on soft planar supports or under 3D culture conditions [15, 14, 16]. Integrins not only facilitate the
mechanical anchoring of cells to the ECM but also originate the important ability of cells to sense the
mechanical properties of their surrounding. Therefore, integrins bring the cell culture condition and
chromatin organization into a direct molecular connection [96]. On the basis of this knowledge, the aim
of this thesis was to (i) capture the plasma membrane located effects of IR on β1 integrins, (ii) induce
radiosensitivity by integrin β1 inhibition (iii) and to follow the mechanical link with its origin in a proper
integrin clustering up to the nuclear lamina. For this a combined methodical approach of single molecule
microscopy and 3D cell culture was chosen.
The approach of this aim and its outcome is summarized in the following layout and in Figure 2.8:
Chapter I: „Direct Evidence for Cell Adhesion-Mediated Radioresistance (CAM-RR) on the Level of
Individual Integrin β1 Clusters“
I Integrin mobility, clustering and localization differ if 2D and 3D cultured cells are compared
II Integrin β1 signaling of 2D cultured cells is impaired
III Radioresistance relies on intact integrin β1 clustering of 3D cultured cells
Chapter II: „Radiosensitization by α-integrin β1 (AIIB2) is based on integrin cluster breakdown and loss
of nuclear mechanosensing“
I It is possible to induce radiosensitivity in 3D cultured cells by targeting integrin β1 clusters
II CAM-RR is based on intact integrin clustering and subsequent balanced mechanosensing system
III 2D cell culture system is highly artificial and does not provide the means to investigate mechanobio-
logical aspects
Chapter III: „Lipid-rafts remain stable even after ionizing radiation induced disintegration of β1 integrin
containing focal adhesions“
I β1 integrins can be separated from their lipid raft localization by IR as an extracellular stressor
II Cholesterol rafts are not affected by high doses of IR
III Integrin β1 clustering could be independent of its localization in cholesterol lipid-rafts
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Figure 2.8: Aim of this thesis. The aim of this thesis was to clarify the membrane located events behind
CAM-RR (cell adhesion mediated radioresistance) with its origin in integrins containing the
β1 subunit. In chapter I it was discovered that the stable integrin clustering of 3D cultured
cells contributes to their radioresistance. In chapter II, integrin clustering was successfully
targeted by AIIB2 induced integrin β1 inhibition and with a combined treatment of IR and
AIIB2 radiosensitivity was induced in 3D cultured cells. By following the mechanosensing system
(integrin - actin - nesprin - lamin) it was discovered that radioresistance does not only relay on
an intact integrin clustering but also on a balanced mechanosensing system. This proves that it
is possible to target the clustering of proteins in the PM, but only if SMD and 3D cell cultured
are used in preclinical screenings. Chapter III answers the question, whether the PM located
effects of IR on integrin clustering are lipid-raft dependent.
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Direct evidence for cell adhesion-
mediated radioresistance (CAM-RR) 
on the level of individual integrin β1 
clusters
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The cellular interaction with the extracellular matrix (ECM) modulates many key processes such as 
proliferation, migration, differentiation and survival. In addition, cells cultured under 3D conditions 
in presence of an ECM display a marked radioresistance towards ionizing radiation (IR) in comparison 
to conventionally 2D cultured cells. This process, also known as “cell-adhesion-mediated-radio-
resistance” (CAM-RR), has been linked to the chromatin structure that differs between cells cultured 
on stiff surfaces versus cell grown on soft planar supports or in 3D environments. As integrins are the 
key mediators of cell adhesion and mechanosensing, they originate the molecular signalling towards 
chromatin remodelling in response to a cell’s microenvironment. We aimed to investigate this molecular 
origin that leads to CAM-RR by investigating the distribution of integrins at the single molecule level 
and show that cells cultured in 2D keep a lower fraction of integrin β1 in clusters and maintain a less 
defined cluster status than 3D cultured cells. Upon X-irradiation this nanoscale distribution of integrin 
β1 is disturbed at much lower dosages in 2D versus 3D cultured cells. Radioresistance is thus linked to 
the ability to maintain a well defined organization of integrins in clusters, making integrin distribution a 
potential drug target for radiosensitization.
It is now well accepted that the microenvironment of cells has a profound impact on their physiology, which 
traditional two dimensional cell cultures are unable to provide1–7. In particular, cells cultured on a flat and rigid 
support lack three important aspects, which are key parameters for the physiological communication of cells with 
their environment8, 9. First, they lack dimensionality in that they do not allow cells to adhere to extracellular sup-
ports or adjacent cells with their entire surface, second, they provide a highly polarized rather than homogeneous 
mechanical environment and third, they lack the ability to maintain local concentration heterogeneities, e.g. gra-
dients of soluble compounds. All mentioned parameters, namely (i) the distribution and density of adhesion sites 
on the extracellular matrix (ECM) or receptors on neighbouring cells, (ii) their mechanical resilience and (iii) 
local concentrations of solutes are processed by many signalling processes at the plasma membrane (PM), thereby 
modulating key processes such as proliferation10, migration, differentiation and survival11, 12.
Integrins, as the key mediators of cell adhesion, not only facilitate the mechanical anchoring of cells to extra-
cellular supports but also originate the important ability of cells to sense the mechanical properties of their 
surrounding. Intriguingly, this mechanical information is directly transmitted via a continuous molecular con-
nections between focal adhesions and chromatin rather than a signalling cascade of soluble messengers13, 14. 
In more detail, changes in the microenvironment are detected and transferred via actin and nuclear envelope 
proteins (nesprin-1 and 2, SUN 1 and 2) into the nucleus, leading to a reorganization of the nuclear lamina15, 16, 
the activation of transcription factors17 and to a change in the mechanical properties of the nucleus itself18. With 
Lamin as an indicator of stiffness perception and signalling to the nucleus it was shown that a cellular environ-
ment with a low stiffness leads to a soft nucleus, whereas the stiffer supports yields a stiff nucleus18, 19. Hence, 
integrins bring the culture conditions and chromatin organization into a direct molecular connection, with the 
result that the mechanical properties of the ECM are mirrored by the nucleus with the result of a mechanically 
balanced ECM-nucleus connection15.
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With this connection in mind, it becomes apparent that any treatment of cells with the nucleus as the prime 
target needs to take this delicate balance into account. One such example is found in the treatment of cells, 
predominantly tumors, with ionizing radiation. While the prime reason of using radiation is to cause levels of 
DNA damage that ultimately lead to cell death, it was found that cells embedded in an ECM show a marked 
radioresistance towards ionizing radiation (IR) in comparison to conventionally 2D cultured cells20. This effect, 
also known as “cell-adhesion-mediated-radio-resistance” (CAM-RR), tellingly shows that the true impact of radi-
ation on cell survival has to be understood as a combination of the radiation's damaging effect on DNA as well 
as its disturbing effect on the balanced ECM-nucleous connection. Along those lines, CAM-RR was linked (i) to 
ECM-binding integrins containing the β1 subunit and (ii) to the chromatin structure that differs between cells 
cultured on stiff surfaces versus cells grown on soft planar supports or under 3D culture conditions21. Namely, 
the presence of a higher fraction of heterochromatin in 3D cultured cells was shown to correspond to a decreased 
amount of residual DNA double strand breaks (DSB) after X-ray irradiation22. As (i) a higher amount of het-
erochromatin protects the DNA against DSB induction and (ii) a forced enrichment of euchromatin leads to 
hypersensitive DNA-damaging not only residual but also prompt DSBs may be reduced in 3D cells21, 23, 24. While 
integrins as the key mediators of a cell’s interaction with the ECM are clearly involved in this culture-condition 
dependent effect, mainly the players acting downstream of integrin signalling have been thoroughly investigated 
(ILK, FAK, JNK1, Akt1, PINCH1, HDAC)25–28. The membrane located effects of ionizing radiation on β1 inte-
grins, involving the formation, dynamics and maintenance of integrin clusters to form focal adhesions (FAs) at 
the plasma membrane (PM), have so far not been in the focus of a detailed study, neglecting the possibility of the 
integrin distribution itself as a potential drug target for radiosensitization.
We therefore aimed to catch the very origin of the signalling that eventually leads to the changes that make 
cells radio-resistant in 3D environments, by following the plasma membrane located nanoscale organization of 
β1 integrins in response to both X-irradiation and culture conditions. For this, we optimized a collagen I based 
3D cell culture system to be compatible with single molecule microscopy29 and used nuclear lamin organization 
to select for cells with a balanced ECM-nucleus connection.
To investigate the effects of IR on the integrin signalling we focused on the integrin clustering as well as on 
quantifiable parameters such as cluster density or number of integrins per cluster of 2D and 3D cultured cells. 
Our results show that (i) physiologically conditions lead to a different organization of β1 integrins and impor-
tant downstream partner per se and (ii) X-ray irradiation leads to a nanoscale distribution of integrin β1 of 2D 
cultured cells at much lower dosages, as compared to cells cultured in our 3D cell culture system. We also show 
that integrins containing the β3 or αv subunit are affected differently by IR in dependence of the cell culture 
conditions. These results serve as an important entry point to characterize the membrane located events behind 
CAM-RR and may lead to the use of the integrin distribution as a potential drug target for radiosensitization.
Results
A 3D cell culture system tailored for single molecule microscopy and X-irradiation. To inves-
tigate the effects of IR on the nanoscale organization of integrins with single molecule precision, we first had to 
optimize and characterize our approach to culture and image cells in a 3D collagen I based hydrogel, in order to 
meet the requirements set by the cells, the irradiation protocol, and the microscopy method. To achieve mean-
ingful single molecule recordings and X-irradiation treatments, only cells within a distance of 20–50 μm to the 
coverslip were chosen for measurements. Within this range, reasonable contrast and image quality was achieved 
to detect single molecule signals with a localization precision of around 30 nm29. Also, at this distance, the glass 
doubling effect for radiation experiments30 still applies, allowing us to apply the same irradiation doses to cells 
cultured under 2D and 3D conditions for our comparative analysis (Fig. 1A).
In addition, cells within this range were completely surrounded by the collagen matrix31. More important from 
a mechanobiological point of view and the main rationale behind culturing cells in 3D hydrogels is, however, to 
provide cells an environment of low and isometric stiffness. As we were not able to measure the elastic modulus 
within a collagen hydrogel at the required position, we made use of the cells mechanosensing capabilities. For that 
we measured the nuclear distribution of lamin A/C in 2D and 3D cultured mouse embryonal fibroblast (MEF) 
cells, as this protein is known to change with the stiffness of the extracellular environment18. As expected, the 
distribution of lamin A/C to the nuclear envelope versus an intranuclear location was found to be much stronger 
in 2D than 3D cultured cells (Fig. 1B and C). Line profiles (see Supplementary Figure 1) reveal a higher level of 
non-nuclear envelope lamin A/C in cell cultured in 2D (~37%) versus 3D (~58%).
Hence, with lamin A/C as a read-out for nuclear stiffness perception, we can show that cells grown under our 
3D conditions perceive a stiffness environment, that is markedly different from the planar rigid environment of a 
2D culture, despite the low proximity to the coverslip of only 20–50 µm.
Furthermore, the drastically different morphology of MEF cells, as used throughout this study, was greatly 
affected by the 3D culture conditions (Fig. 1), both on the level of individual cells and multicellular arrangements. 
While 2D cultured MEF cells show the familiar flat morphology, MEF cells cultured in our 3D collagen system 
spread in all spatial directions (Fig. 1D–G). After a week-long culture a well ordered multicellular organization 
developed (Fig. 1F and G). Next to the results for intranuclear lamin A/C distribution, these morphological dif-
ferences are an additional indication that our 3D culture system provides a microenvironment properties that are 
markedly different to the culture of MEF cells on planar rigid surfaces.
The culture condition has a strong impact on the nanoscale distribution of integrins. While 
individual membrane proteins of cells cultured on coverslips can be imaged using TIRF microscopy32, 3D cul-
tured cells are not amenable to this method29. To record and detect the location of single proteins in cells cultured 
in 3D collagen I hydrogels, we combined HILO illumination33 with STORM measurements34. With this approach, 
an axially confined illumination of cells distant to the coverslip is achieved by focusing the excitation laser 
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off-center into the the back focal plane of a high NA objective. The beam refracts at the coverslip-water-interface 
and propagates into the 3D cell culture at a shallow angle to the coverslip, while also crossing the focal plane of the 
objective. The result is an axially confined illumination zone and axially and laterally confined detection zone with 
- in our case - a lateral diameter of typically 30 µm and a thickness (i.e. axial extension) of 1.2 µm. With this illu-
mination scheme only a subfraction of STORM capable Alexa dyes (Alexa-488) linked to the respective antibody 
were activated, excited and detected allowing for a contrast sufficient to robustly detect individual antibodies and 
localize their signal with a precision of typically 30 nm. Single proteins in 3D cultured cells could thus be localized 
with a similar precision as in 2D cultured cells in our comparative analysis.
With this technique we observed clear differences in the nanoscale distribution and mobility of β1 integrins in 
living cells (Fig. 2A–D). A live cell antibody staining revealed (by simple visual inspection of live recordings; data 
not shown) for 2D as well as 3D cultured cells that integrins are predominantly localized in non-mobile clusters 
(green arrowheads), a finding also reported by Rossier et al.35 for 2D cells. In addition, a significant fraction of β1 
integrins was found to be unclustered and highly mobile in 2D but not in 3D cultured cells. This mobile fraction 
is best visualized in a scatterplot of all localization for the 2D culture (Fig. 2B) and 3D culture case (Fig. 2D), in 
which the single and separated pixels (green arrows) represent the mobile integrins. While in 2D around 25% of 
all detected integrins fall in this mobile category, in 3D, only very few integrins are not part of a cluster (10%). 
Single molecule tracking of live cell antibody stained β1 integrins confirms this visual observation. Whereas the 
mean square displacement plot of β1 integrin mobility measured in 3D cultured cells shows a strong confine-
ment (fast saturation of the curve) and low mobility (low slope, Fig. 2E, red), β1 integrins in 2D culture cells are, 
on average, much faster and far less confined in their mobility (Fig. 2E, blue). Fitting both plots to a model for 
confined diffusion reveals that β1 integrins in 2D and 3D cultured cells are confined in their mobility to an area 
of 1.2 ± 0,045 and 0.33 ± 0,005 µm2 and display a mean mobility with diffusion coefficients of 0,02 ± 0,0005 and 
0,002 ± 0,0001 µm2/s, respectively.
Our live cell single molecule measurements show that cells cultured in 3D achieve a much more defined 
organization of integrins in clusters. In addition, they also reveal a much lower separation of integrin subtypes 
into separate clusters (Figs 2F, G and S2). By staining different ECM-binding integrin combinations, namely 
αvβ1, αvβ3, and β1β3, we assessed the colocalization of integrins on cells fixed with a protocol optimized for 
membranes to avoid antibody-induced clustering of incompletely immobilized membrane proteins36. Not only 
the colocalization of the integrin subunits αv with β1 and αv with β3 was increased if cells are surrounded by the 
ECM (S2A,B), but even the integrins β1 and β3 were found to co-cluster in the PM of 3D (Fig. 2F) but not 2D 
cultured cells (Fig. 2G).
Taken together, 3D cultured cells showed a far lower distribution of integrins into separate clusters, but rather 
combine integrin heterodimers with similar function - here to bind the ECM - within the same clusters, i.e. focal 
adhesions. Virtually none of the integrins in 3D cultured cells were not organized in clusters. Thus, integrin clus-
ters of 3D cultured cells were clearly found to be more defined and to contain more integrin subtypes.
IR differently affects the nanoscale distribution and organization of β1 integrins in dependence 
of the culture conditions. To investigate the membrane-located events in response to IR, 2D and 3D cul-
tured cells were X-irradiated with different doses, fixed at specific time points after the irradiation, and stained for 
endogenous β1 integrins. Due to the rapid and complete immobilization of the fixation protocol36, the following 
results represent snapshots of the dynamic and continuous process of protein cluster formation and degradation 
and thus show the current balance between these competing processes for the respective time point of fixation.
Figure 1. 3D cell culture conditions have a strong impact on intranuclear lamin distribution and overall 
morphology of MEF cells. (A) 3D cell culture system for single molecule microscopy and irradiation 
experiments: Cells embedded in the collagen-hydrogel are placed on a coverslip. A thin, highly inclined 
laminar optical sheet (HILO) is used to illuminate a subfraction of fluorescently labeled primary integrin 
antibodies of cells cultured in 3D in a distance of of 20–50 µm to the coverslip. By combining STORM and HILO 
a sufficient imaging contrast is obtained to detect single molecule signals in 3D cultured cells. (B) Heat map of a 
Lamin A/C immunostaining of 2D versus (C) 3D cultured cells. Scale bar is 5 µm, respectively. (D) A β-Tubulin 
(red) and H2A (green) immunostaining visualize the cytoskeleton and the nucleus of 2D cultured MEF cells. 
Scale bar is 25 µm. (E) CMO (green) staining of the PM of a 3D cultured MEF cell cultured in a collagen 
hydrogel (red). Scale bar is 10 µm. (F) MEF cells after a week-long 3D culture (maximum projection of a 3D 
confocal stack). (G) 3D volume rendering of (F).
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The effects of IR on the distribution and organization of β1 integrins can directly be recognized by a visual 
inspection of the single molecule localization results, where each dot represents an individual detection (Fig. 3A 
and I). Measurements on untreated 2D and 3D cultured cells reveal that β1 integrins are organized as clusters 
with a radius of ~200 nm and show a comparable degree of clustering under both 2D and 3D culture conditions 
(see S3). Upon IR, however, this picture changes in clear dependence on said culture conditions (Fig. 3C,F and 
K,N).
Following visual inspection, a cluster analysis using Ripley’s K function helps to put the visual impression on 
quantitative grounds. In brief, the function computes the average number of signals that fall within defined radii 
of each detected signal. Plotting this number (L(r)−r)) versus the respective radii yields a distribution (H-plot) 
whose maximum represents the most prominent cluster formation in the dataset. The height of the first local 
maximum (H(r)max) gives a measure of the degree of clustering and its position the radius of the most frequent 
clusters37–39 (For further informations see S4). In addition, 2D plots of the L(r)−r values are represented as heat-
maps to visualize clustered regions. Taken together, clusters, i.e. regions with a higher density of signals, are visu-
alized as yellow regions in the heat maps (Figs 3B,D,G,J,L,O and S5 and S6) and the degree of clustering shows as 
the peak height in Fig. 3E,H and M,P. A summary of all maximum values for the degree of clustering (H(r)max) 
and the corresponding values for the cluster radii is shown in Fig. 4 for all X-irradiation doses, time points after 
irradiation and culture conditions.
2D cultured cells were irradiated with 0.5, 2, 6 and 15 Gy. While an irradiation with 0.5 Gy does not affect inte-
grin clusters we could show that a dose of 2 Gy is sufficient to break the clustering of integrins directly after radia-
tion (2 min) and that an irradiation with 6 and 15 Gy leads to an identical decrease in clustering (****p ≤ 0.0001 
for 2, 6 and 15 Gy) (Figs 3D,G and S5). The kinetics of cluster regeneration was found to strongly depend on the 
initial dose, as clusters of cells irradiated with 2 Gy regenerate faster as clusters of cells irradiated with 6 or 15 Gy. 
Corresponding H-plots of Ripley’s K function and summarized bar plots of the degree of clustering reveal that the 
clustering of integrins of 2D cultured cells irradiated with 2 Gy starts to regenerate 1 h after IR and nearly returns 
to full recovery 6 h after IR (Figs 3E and 4A). After an irradiation with 15 Gy clusters also start to regenerate 1 h 
after IR, but even 24 h after IR recovery remains incomplete (Figs 3H and 4A). As H max and the cluster radius 
r max correlate, the same effects were expected and detected. While an irradiation leads to a significant decrease 
(****p ≤ 0.0001) of cluster radii, 2 Gy irradiated cells regenerated completely, whereas 6 and 15 Gy irradiated cells 
do not (Fig. 4C). An irradiation with 0.5 Gy did not show a significant effect on the cluster radius.
For cells cultured in 3D, the effects of ionizing radiation differ greatly. In contrast to 2D cultured cells, irra-
diation doses of 2 and 6 Gy had no discernible effect on the organization of β1 integrins in clusters. Only at a 
dosage level of 15 Gy slight, but significant changes in the clustering (*p ≤ 0.05) and their radii became apparent 
Figure 2. 2D versus 3D cell culture conditions have a strong impact on the nanoscale distribution of integrins. 
(A) Normalised gaussian and (B) Scatter plot visualization of single molecule localization data obtained through 
a live-cell immunostaining of 2D cultured cells with a directly labeled integrin β1 antibody. Scale bar is 2 µm. 
(C and D) Corresponding data of a live-cell integrin β1 immunostaining of 3D cultured cells. A much higher 
fraction of integrins in 2D cultured cell is not part of a cluster as compared to 3D cultured cells (immobile 
integrin clusters = green arrowheads, individual mobile integrins = green arrows). Single molecule tracking of 
live cell antibody stained β1 integrins confirms this visual observation. Whereas the mean square displacement 
plot of β1 integrin mobility measured in 3D cultured cells shows a strong confinement (fast saturation of the 
curve) and low mobility (low slope, Fig. 2E, red), β1 integrins in 2D culture cells are, on average, much faster 
and far less confined in their mobility (Fig. 2E, blue). Fitting both plots to a model for confined diffusion 
reveals that β1 integrins in 2D and 3D cultured cells are confined in their mobility to an area of 1.2 ± 0,045 and 
0.33 ± 0,005 µm2 with diffusion coefficients of 0,02 ± 0,0005 and 0,002 ± 0,0001 µm2/s, respectively. The dotted 
line represents the lower limit of the detectable square displacement (in our case 4× (28 nm)2 = 0,003136 µm2). 
(F) Colocalization of β1 (cyan) and β3 (magenta) integrins in 2D and (G) 3D cultured cells. Scale bar is 1 µm. 
Arrows indicate integrin-subunit colocalization (white) of β1 (cyan) and β3 (magenta) integrin subunits.
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(Figs 3L,O and 4B,D and S7). Moreover, not only the dosages required to affect the clustering of β1 integrins are 
significantly higher in 3D cultured cells, also the kinetics of the process differ. In contrast to 2D cultured cells, 
an effect on β1 clustering started to become discernible only 15 min after an IR of 15 Gy with an almost complete 
recovery after 6 h and a full recovery after 24 h (Fig. 3P).
Taken together, these results clearly reveal a strong dependance of the nanoscale organization of β1 integrins 
on the culture conditions with 3D cultured cells being far more resistant to IR in maintaining the clustered organ-
ization of the adhesion receptor and showing a much faster recovery to do so after high IR doses.
The distinct and, at the same time, rapid effects of IR on membrane organization suggest that rather than DNA 
damage, more immediate effectors are responsible for the swift response. X-irradiation is always accompanied 
by the generation of reactive oxygen species (ROS) which leads to the damage of many structural and functional 
molecules40. Hence, to examine the role of ROS, 2D cultured cells were treated with 100 µM H2O2 and 3D cultured 
cells were treated with 500 mM H2O2 prior to fixation and integrin β1 staining. In response to the treatment, the 
degree of clustering as well as cluster radii significantly decreased 2 min for 2D and 15 min for 3D cells after the 
treatment (Fig. S8) reaching the same level as irradiated cells. Thus, as the kind, extent and timing of H2O2 are 
similar to those observed after IR, radiation produced ROS are likely the main, if not the sole cause for the disin-
tegration of integrin clusters.
While we are aware that 500 mM is an unnaturally high concentration of H2O2, lower concentrations did not 
cause an discernible effect on the clustering of integrins in 3D cultured cells. Of note, however, the all 3D cultured 
cells did survive this treatment without major changes in morphology (data not shown).
Detailed cluster analysis reveals distinct differences in the effects of IR on the clustering and 
the cluster size of β1 integrins. To gain further insight into the membrane located events in response to 
ionizing radiation and in dependence of the culture conditions, we sought to extract more quantitative values 
from the cluster analysis of our single molecule localization data. For that, we defined a common threshold value 
that defines a cluster to have a higher signal density than the mean of all untreated cells.
Using this value, heat maps were converted into binary cluster maps, from which parameters like cluster 
area and number of clusters per μm2 were directly obtained. Masking the original localization data with these 
Figure 3. Effects of IR on the nanoscale distribution and organization of β1 integrins of 2D and 3D 
cultured MEF cells. Single molecule localization data of integrin β1 immunostainings obtained from fixed 
cells 2 min (2D) and 15 min (3D) after IR, as well as unirradiated controls are shown. Scatter plots show all 
detected β1 integrin localizations (A,C,F and I,K,N), while the corresponding heat maps (B,D,G and J,L,O) 
visualize unclustered (dark blue) and clustered (yellow) regions; scale bas are 1 µm. (G,H and O,P) Statistical 
analyses of all β1 integrin localizations found in all recorded cells of a given culture condition and irradiation 
dose are shown as H-Plots of Ripley’s K function, in which the peak heights (L(r)−r) represent the degree of 
clustering and its position the most frequent cluster size (r (in nm)). Shown are the distributions of β1 integrins 
as found for non irradiated, 2D cultured cells (A,B) for 2D cultured cells irradiated with 2 Gy (C,D,E), and for 
2D cultured cells irradiated with 15 Gy, fixed 2 min after IR (F,G,H), respectively. The corresponding H-Plots 
(E and H) show results for control (red) and cells irradiated with 2 Gy fixed 2 min (turquoise), 15 min (light 
green), 1 h (green), 6 h (blue) and 24 h (dark blue) after IR. In addition, the analysis of a random distribution of 
localizations containing the same number of signals as the control is shown in black. (I–P) Corresponding data 
of 3D cultured cells, but fixed 15 min after IR. Heat maps of all remaining conditions (IR dose and time points 
after IR) are summarized in Figs S5 and S6.
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binary maps yielded additional values like signals per cluster, signals per cluster area (i.e. cluster density) as well 
as total number of signals and the ratio of clustered vs total number of molecules. To simplify inspection of the 
results, we summarized them in a heat map table (Fig. 5), where negative changes are assigned to a blue and 
positive to a red colour intensity. Changes were determined 2 min and 24 h for 2D, and 15 min and 24 h after 
irradiation for 3D cultured cells.
In detail, cells cultured in 2D irradiated with 2 Gy showed a significant decrease in the cluster area, the sig-
nals of molecules per cluster and in the ratio of clustered versus total number of molecules. The total number 
of molecules increased, while the number of clusters and the cluster density were only slightly affected. 24 h 
post-irradiation, almost all parameters returned to their pre-irradiation values. At 15 Gy, except for the total 
number of signals, a similar trend but more drastic changes were found. The most significant decreases are seen 
Figure 4. Effects of IR on the cluster density (H (r) max) and the cluster radius (r max in nm) of β1 integrins of 
2D and 3D cultured MEF cells. Bar plots of medians of H (r) max and r max obtained from H-Plots of Ripley’s 
K function analysed datasets (S6), visualised as a combination of bar plot and heat map (low value in blue, high 
value in yellow). For 2D cells N = 2 and n = 20, for 3D cells N = 2 and n = 10. Controls were pooled, therefore 
for 2D cells N = 8, n = 80 and for 3D cells N = 6, n = 30. 2D cells were irradiated with 0.5, 2, 6 and 15 Gy, 3D 
cells were irradiated with 2, 6 and 15 Gy. Cells were fixed and stained as controls, 2 min, 15 min, 1 h, 6 h and 24 h 
after IR. (A) Plot of H max of 2D cultured cells. (B) Plot of r max of 2D cultured cells. (C) Plot of H max of 3D 
cultured cells. (D) Plot of r max of 3D cultured cells. For a better visualisation significances are displayed in S6.
Figure 5. Percentual change of various parameter after IR of β1 integrins of 2D and 3D cultured MEF cells.
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for the the number of clusters and the ratio of clustered vs unclustered molecules. While the number of molecules 
exceed the initial value, most parameters did recover but failed to completely return to the initial values. Only the 
cluster area did not show any recovery.
In contrast, cells cultured in 3D irradiated with 2 Gy showed an entirely different reaction towards IR. Except 
for the number of molecules, where only a slight decrease was detected, all other parameter showed none or 
slight, but never significant increases. 3D cells irradiated with 15 Gy showed a decrease in all parameters 15 min 
after IR, but all of them returned to or exceeded their initial value. Details for all values and test for significance 
are summarized in S9–11
β3 and αv integrins are differently affected by IR than β1 integrins. To investigate whether IR has 
an effect on integrins containing αv or β3 the same set of comparative experiments were performed and sum-
marized in S12–18, as well as in Supplementary Table 1. Both integrin subunits showed, in comparison to β1, an 
entirely different reaction towards IR, which, on its own, strengthens the significance of our findings for the latter. 
While integrin heterodimers containing the β3 subunit barely show any changes to the various treatments and 
culture conditions, integrins containing a αv subunit revealed intermediate results. As αv dimerizes with both β 
subunits and the resulting integrin heterodimers have different cellular functions41, namely cell adhesion (αvβ1) 
and migration (αvβ3)42, this comes as no surprise. It does, however, nicely demonstrate the capabilities of single 
molecule over ensemble measurements. As the behaviour of all integrin subunits are recorded individually and 
all interactions with their partners are recognized individually, the behaviour of αv, which is here presented as 
an average, could as well be dissected into to its interaction with only β1 or β3. A more detailed presentation and 
discussion of the αv and β3 data can be found in the Supplementary.
FAK phosphorylation status markedly differs before and after irradiation in dependence of the 
culture conditions. Through our detailed analysis on integrins, we have clearly shown how their nanoscale 
distribution and organization changes in response to IR and culture conditions. However, for these differences to 
have an effect on cellular reactions, survival and ultimately CAM-RR, signalling from the differently organized 
and - upon IR - disintegrated integrin clusters need to change as well. We therefore assessed the IR and cell culture 
dependence of the integrin’s immediate downstream partner, the focal adhesion kinase (FAK), and quantified the 
amount of its phosphorylated, i.e. activated from, pFAK (Fig. 6). While the number of pFAK in untreated cells 
was found to be about twice as high in 2D versus 3D cultured cells, the amount after an irradiation with 6 Gy was 
nearly identical for both culture conditions and did not recover within 6 h. pFAK levels of 3D cultured cells were 
not affected by an irradiation with 6 Gy.
These findings are in line with our observation that 2D cultured cells are unable to maintain integrins in well 
defined clusters and tend to separate different heterodimers into distinct clusters rather than combining them as 
the 3D cultured cells. Hence, a possible interpretation for the pFAK results is, that integrin signalling in 2D cul-
tured cells is able to initiate the signalling cascade, but may be ineffective further downstream. In consequence, a 
higher pool of pFAK builds up, but is likely to be ineffective to properly propagate the signal in 2D cultured cells, 
whereas this is not the case in 3D cultured cells.
Discussion
Studies on the cellular effects of IR are generally focused on DNA damage, its subsequent repair, checkpoint 
activities and, ultimately, cell survival43. With this focus, it was identified that cell adhesion and, in particular, 
Figure 6. Effects of IR on pFAK of 2D and 3D cultured MEF cells. Box plots of the number of molecules per 
4 × 4 µm ROI of cells cultured in 2D (A) and 3D (B). Cells were irradiated with 6 Gy and were fixed 15 min 
and 6 h after irradiation. For 2D cells N = 2 and n = 20, for 3D cells N = 2 and n = 10. Statistical analysis 
was performed with an ordinary one-way ANOVA. ***p ≤ 0.001 and ****p ≤ 0.0001. NS, not significantly 
different. If not further noted no significance was detected.
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cellular growth within the 3D environment of extracellular matrix proteins renders cells resistant to higher doses 
of ionizing radiation than cells grown on planar rigid supports. This resistance was reflected in a lower number 
of residual DNA double strand breaks (DSBs) and a higher survival rate and was termed cell adhesion mediated 
radioresistance (CAM-RR)20, 23. While the origin of this culture-condition dependent resistance is clearly located 
at the integrins as the key proteins that sense and report the properties of the extracellular environment, so far 
mainly the players acting downstream of integrin signalling have been thoroughly investigated (ILK, FAK, JNK1, 
Akt1, PINCH1, HDAC)25–28. To fill this gap, we focused in our study on the immediate and rapid effects of IR 
on the nanoscale organization of the plasma membrane of cells grown under classical 2D as well as 3D culture 
conditions. To that end, we characterized the impact of IR on the formation, dynamics and maintenance of inte-
grin clusters to form focal adhesions (FAs) at the plasma membrane (PM) using single molecule localization 
microscopy (SMLM). Our achievement to apply the virtues of SMLM to investigations on nanoscale changes of 
membrane protein distributions in cells grown under both conditions with comparable accuracy, allows us to 
draw detailed comparative conclusions regarding the influence of a cell’s environment on the membrane located 
events behind CAM-RR.
We found that already the culture conditions in absence of any irradiation cause a marked difference in the 
ability of cells to maintain a well organized membrane. While 3D cultured cells keep nearly all integrins in a clus-
tered organization, contain more β1 integrins per cluster and even keep different integrins within the same clus-
ters (αvβ1, αvβ3 and β1β3), 2D cultured cells are unable to maintain this level of organization for these aspects. 
A significant portion of β1 integrins was found to freely diffuse in the membrane, rendering them unable to take 
part in signalling. In addition, integrin subtypes were found to segregate into separate clusters rather than colo-
calize within the same clusters as in the 3D case. Intriguingly, this less defined clustering was accompanied by a 
significantly higher number of phosphorylated FAK (pFAK) in 2D versus 3D cells, indicating an overall impaired 
signalling efficiency at planar culture conditions. Taken together, mechanisms to keep a well defined integrin 
cluster organization are acting efficiently in 3D but not 2D cultured cells.
This inability of cells to maintain a well defined cluster status for integrins and an effective integrin signalling 
already points to a lower tolerance for additional stressors. In fact, we found that even low doses of IR are suffi-
cient in 2D to completely abolish the cells ability to maintain integrins clustered, while 3D cultured cells were not 
only able to maintain the clustered organization against much higher doses of X-irradiation but also showed a 
faster recovery for doses that actually did induce a mild effect (15 Gy).
In detail, already a 2 Gy dose caused the number of signals per cluster to decrease and the number of unclus-
tered molecules to increase (i.e. the ratio of clustered to total signals to decrease). In other words, an irradiation 
with 2 Gy caused β1 integrins to leave the clusters but stay in the PM by lateral diffusion. An irradiation with 
15 Gy, in turn, not only caused the signals per cluster but even the total number of signals to decrease. This implies 
that the higher dose, in addition to disintegrate clusters within the plane of the membrane, also induced endo-
cytic retrieval of integrins and thus induced both lateral and axial membrane transport. In 3D culture cells, the 
same combination of axial and lateral membrane transport was taking place, however at much higher doses. An 
irradiation 15 Gy lead to a decrease in the clustering, the cluster radius and cluster area, as well as to an decrease 
in the total number of molecules. Hence, while the mechanism of the response to high doses of were the same for 
both 2D and 3D cultured cells, the kinetics and the severity differ significantly (Fig. 4).
Thus, as stated above, the membrane organization of β1 integrins in 2D is less defined and therefore more 
vulnerable to disturbance than in 3D cultured cells. Notably, however, as our results on β3 and αv integrins show, 
this behaviour is protein specific and does not apply to the nanoscale organization of the membrane in general. 
The impact of IR on integrin clustering are also directly reflected by the effects on integrin signalling. As 3D cells 
did not respond with any change in the number of pFAK, the high levels found in untreated 2D cells collapsed to 
a very low amount after X-irradiation, indicating a severe impairment of signalling and IR load. Hence, the ability 
to maintain integrin clusters against IR is a direct consequence of intact integrin signalling.
Using a treatment of cells with H2O2 we were able to recreate the effect of IR to break down β1 integrin clus-
ters in 2D (100 µm H2O2) and 3D (500 mM H2O2) cultured cells, demonstrating that ROS produced by IR are 
potentially the prime reason behind the observed effects of X-irradiation. While an identical treatment with H2O2 
on 3D cultured cells would have been desired we were not able to produce an effect on the integrin clustering 
with low concentrations of H2O2. This may be explained by a very fast scavenging of ROS within 1–2 min in 3D 
cultured cells as it was reported for the generation of ROS in cells by gas plasma treatment44. As this method pro-
duces ROS in an abiotic way as does IR, we assume that 3D cultured cells have a high capacity to scavenge ROS.
But regardless, whether 3D cultured cells are able to scavenge ROS more efficiently or whether their mem-
branes tolerate higher ROS levels, both accomplishments would simply be a direct result of the fact that the 
integrin signalling system of these cells is intact and tolerant to some degree of disturbance. This is reflected by 
our observations of (i) stable integrin clusters and (ii) stable levels of pFAK in presence or absence of IR and (iii) 
a different distribution of lamin A/C, which demonstrates the continuous signalling connection between the PM 
and the nucleus.
Our detailed view on the membrane located events involving integrin β1 and its downstream partner pFAK, 
allows us to conclude that CAM-RR starts at maintaining integrin clusters, as we show that only 3D cells possess 
and maintain integrins in a firm and defined organization of clusters and a signalling which, via FAK, eventually 
propagates all the way to the nucleus and impacts the distribution of the nuclear scaffold protein lamin A/C, 
which is known to influences the chromatin organization and even the stiffness of the nucleus itself18, 19. This 
connection from integrins to chromatin nicely links our results to the work of Cordes and coworkers who showed 
that the ratio of hetero to euchromatin changes with the cell culture condition, (1:1 for 2D, 2:1 for 3D cultured 
cells)21. Moreover, they were able to directly link the increased chromatin condensation with the ability of cells to 
survive after irradiation and the total number of DNA double strand breaks.
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Taken together, we assume that the mechanical link connecting integrins with the nuclear lamina and there-
fore with the chromatin organization itself is differently balanced in cells cultured in 2D or 3D, leading to a 
different mechanosensitive homeostasis and to a different integrin cluster reaction upon irradiation. Our results 
involving the pFAK signalling support this assumption. pFAK signalling of unirradiated 2D cells is twice as inten-
sive as detected for 3D cultured cells. This obvious imbalance of 2D cells leads to an incomplete nuclear force 
feedback and to a loose, dynamic integrin organization which is easily distributed. This leads to a integrin cluster 
disintegration and the loss of pFAK signalling at low dosages. The counterbalanced nuclear force feedback of 3D 
cells results in defined and firm integrin clusters. These clusters can only be disrupted at very high dosages result-
ing in a higher ROS level. This view is summarized in our model (Fig. 7).
Conclusion
In conclusion, CAM-RR is based on an intact integrin signalling system connecting the PM with chromatin, 
which has its origin in the proper nanoscale organization of integrins. Only with this balanced system in place, 
the long term observations of CAM-RR (chromatin organization → lower amount of DSB → higher tolarance 
to IR → cell survival) are able to unfold. Consequently, it is reasonable to assume that if radioresistance relies on 
intact integrin clusters, an active disintegration of integrin clusters may in turn induce radiosensitivity - and 
probably also chemosensitivity, making the nanoscale distribution of integrins a potential drug target for radio-
sensitization. While integrin receptors have been in the focus as a drug target for a long time, almost all antago-
nists (antibodies, peptides or small molecules) so far targeted either the ligand-binding site or the ligand itself45. 
Based on our study, we propose in turn to target antagonists against the ability to form clusters. Along with this 
suggestion, however, microscopy capable to monitor the nanoscale distribution in cells cultured in meaningful 
3D environments would need to become an integral part of the preclinical screening process.
Materials and Methods
Cell culture. MEF cells (mouse embryonic fibroblasts) were cultured in DMEM/Ham’s F-12 (1:1) (Biochrom, 
Berlin, Germany) supplemented with 10% FCS (Sigma-Aldrich, St. Louis, Missouri, USA) and 1% NEAA 
(Biochrom, Berlin, Germany) in a humidified chamber at 37 °C and 5% CO2. All cell cultures were prepared on 
round coverslips (Karl Hecht GmbH, Sondheim, Germany, NO. 1.5, Ø = 25 mm).
Figure 7. Mechano imbalance of 2D cells leads to their radio-sensitivity. (A) 2D cells show a different 
organisation of the nuclear matrix (Lamin A/C) and the chromatin condensation (ratio of hetero to 
euchromatin) if compared to 3D cells (D). The counterbalance of the nuclear force feedback between the 
integrin - cytoskeleton - nucleus link is imbalanced leading to a loose, dynamic integrin organisation in 2D 
cells (A). In 3D cells the mechanical link is well-balanced leading to firm and defined integrin clusters (D). 
An irradiation with a low dose (2 Gy) of 2D cells leads to integrin cluster disintegration by lateral diffusion 
and down regulation of downstream signals (pFAK) by up regulation of ROS. The imperfect force feedback 
combined with loose integrin clusters is responsible for the observed effects (B). As 3D cells exhibit a mechano-
homeostasis, low doses can not effect integrin and pFAK signalling, although ROS is upregulated (E). (C) 
An irradiation with a high dose (15 Gy) exceeds the threshold for endocytosis leading not only to cluster 
disintegration by lateral diffusion but also by axial membrane transport. (F) 3D cells irradiated with a high 
dose (15 Gy) lead to a slight integrin cluster disintegration by a lateral and axial membrane transport. The 
equilibrium of the force feedback leads to effects that are shifted in their time dependence and in their intensity.
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3D cell culture. MEF cells were cultured in 1.5 mg/ml collagen I hydrogels for 4 to 5 days prior to use. 
Functionalization of the coverslip surface with APTS is crucial for the immobilization of the hydrogels on the 
coverslip.
Coverslip coating with APTS ((3-Aminopropyl)triethoxysilane, Sigma-Aldrich, St. Louis, Missouri, USA). 
Coverslip were washed for 10 min in technical acetone (AppliChem, Darmstadt, Germany) and were dried after-
wards. APTS solution was prepared freshly containing 2% (v/v) of APTS in acetone. 40 µl of the APTS solution 
was spined onto a dried, pre-cleaned coverslip using a spin coater. Coverslips were dried afterwards followed by 
two washing steps in H2O, each 10 min. Coverslips were dried and stored in the dark until use.
Hydrogel preparation. Collagen I hydrogels were prepared similar to Vira et al.46. A 1.5 mg/ml collagen 
solution was prepared with 50% (v/v) of a 3 mg/ml rat-tail collagen I stock solution (Thermo Fischer Scientific, 
Waltham, Ma, USA), 7.5% (v/v) of 10x PBS (Thermo Fischer Scientific, Waltham, Ma, USA), 2.8% (v/v) of a 
7.5% NaHCO3 (AppliChem, Darmstadt, Germany) solution and with 14.7% (v/v) of a cell suspension containing 
5 × 103 cells per µl. Cell suspension was obtained from one t25 flask of 80% confluent MEF cells. Cells were centri-
fuged after trypsin treatment and subsequently suspended in 1 ml media. 15 µl of the 1.5 mg/ml collagen solution 
was pipetted on a APTS coated coverslip. Hydrogels were incubated for 30 min at 37 °C and 5% CO2, afterwards 
fresh media was added and cells were cultured as described above.
Radiation experiments. Irradiation was carried out using an Isovolt 160 Titan E (GE Sensing & Inspection 
Technologies, Alzenau, Germany) x-ray source. Cells were irradiated with a voltage of 90 kV and a current of 
19 mA (for 0.5, 2 and 6 Gy) or 33.7 kV (for 15 Gy). Doses were delivered at a 30 cm source to probe distance with 
cell cultures placed on a 2 mm aluminum filtering plate with respect to the glass doubling factor30.
Cells were fixed at 2 and 15 min as well as at 1, 6 and 24 h after radiation with a protocol optimized for the fix-
ation of membranes, to avoid antibody-induced clustering of incompletely immobilized membrane proteins36. In 
using 4% PFA (Carl Roth, Karlsruhe, Germany) supplemented with 0.2% glutaraldehyde (Serva Electrophoresis, 
Heidelberg, Germany) in PBS (Sigma-Aldrich, St. Louis, Missouri, USA), (pH 6.9) for 1 h at 4 °C. This protocol 
is optimized for the fixation of membranes. Controls were treated exactly as the irradiated cells, controls were 
fixed coincidently with the 2 min probes. Cells were washed once with PBS prior to fixation and three times after 
fixation followed by antibody labeling as described below.
ROS Treatment. Cells were treated with H2O2 for 1 min (2D 100 µM, 3D 500 mM, Sigma-Aldrich, St. Louis, 
Missouri, USA)47 in HBSS buffer, afterwards they were washed 3 times with PBS and were incubated until fixation 
in HBSS (Biochrom, Berlin, Germany) buffer at 37 °C. Fixation with 4% PFA supplemented with 0.2% glutaral-
dehyde in PBS occurred 2 min for 2D and 15 min for 3D cells after treatment followed by antibody staining of β1 
integrins.
Stainings. Collagen staining. To stain collagen I the 3D cell cultures were incubated in a 20 µg/ml 
Erioglaucine disodium salt (E133, Sigma-Aldrich, St. Louis, Missouri, USA) solution for 10 min. Hydrogels were 
washed 3 times with PBS and imaged (Em: 633 nm, Ex: 750–750 nm).
Plasma membrane staining. For the detection of the plasma membrane CellMask Orange (Molecular Probes, 
Thermo Fisher Scientific, Waltham, Ma, USA) was used at a concentration of 0.5 µg/ml. Cells were incubated for 
15 min in CellMask orange and imaged.
Antibody stainings. All integrin antibodies were purchased by Biozol Diagnostica (Eching, Germany). The fol-
lowing antibodies were used: anti CD29 Alexa 488 (integrin β1), anti CD61 Alexa 488 (integrin β3), anti CD51 
(integrin αV) and anti-rat Alexa 647 (Biozol Diagnostica, Eching, Germany). All primary antibodies bind to 
extracellular integrin domains, therefore no permeabilization was needed. For all SMD measurements a 1:10 
000 antibody dilution was used for 2D cells, for 3D cultured cells antibodies were diluted 1:5 000. For live cell 
measurements of β1 integrins cells were washed twice with PBS. Cells were incubated for 15 min in β1 integrin 
antibody solution in HBSS buffer. Afterwards cells were washed with PBS and were imaged directly. To analyse 
single molecules of fixed cells, cells were blocked after fixation for 1 h with a 1% BSA (AppliChem, Darmstadt, 
Germany) solution at 37 °C, washed with PBS 3 times and were incubated for 3 h at 4 °C in the desired antibody 
solution. For labeling αV with a secondary antibody or for colocalization experiments cells were blocked and 
stained once more as described before. Cells were washed 3 times afterwards and were imaged using STORM 
buffer. For SMD measurements of pFAK cells were stained and imaged as described for the αV antibody combi-
nation, in addition cells were permeabilized with 0.2% Triton-X100 (AppliChem, Darmstadt, Germany). pFAK 
antibody (Santa Cruz, Dallas, Texas, USA) was applied 1:5000, anti-rabbit Alexa 488 antibody (Thermo Fisher 
Scientific, Waltham, Ma, USA) was applied 1:10000. All primary antibodies were used for CLSM measurements 
as 1:100 dilutions, secondary antibodies were applied as dilutions of 1:200. Cells were fixed with 4% PFA for 1 h 
at 4 °C, washed 3 times with PBS. Prior to the staining cells were permeabilized with 0.2% Triton X-100 solution 
in PBS for 10 min and were blocked for 1 h with a 1% BSA solution at 37 °C and were washed with PBS 3 times. 
For the visualization of the cytoskeleton, the nucleus and Lamin A/C, cells were stained with primary antibod-
ies for β-tubulin (Sigma-Aldrich, St. Louis, Missouri, USA), H2A (Sigma-Aldrich, St. Louis, Missouri, USA), 
LMNA (abcam, Cambridge, UK) and secondary antibodies labeled with Alexa 568 (anti-mouse, Thermo Fisher 
Scientific, Waltham, Ma, USA) or 488 (anti-rabbit, Thermo Fisher Scientific, Waltham, Ma, USA), each 3 h at 4 °C.
Microscopy. Microscopy buffers. Live cell imaging was performed in HBSS buffer (Biochrom, Berlin, 
Germany). For single molecule detection of fixed cells a standard STORM buffer was used according to Dempsey 
et al.48 and van de Linde et al.49. 100 mM MEA (beta-mercaptoethylamine, pH 8.5, Sigma-Aldrich, St. Louis, 
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Missouri, USA), 140 U catalase (Sigma-Aldrich, St. Louis, Missouri, USA, C3515) and 10 U glucose oxidase 
(Sigma-Aldrich, St. Louis, Missouri, USA, G0543) were added immediately before use into Tris-buffer (50 mM 
Tris, 10 mM NaCl (both AppliChem, Darmstadt, Germany), pH 8) supplemented with 10% (w/v) glucose 
(AppliChem, Darmstadt, Germany). Imaging was performed under oxygen exclusion conditions.
CLSM measurements. CLSM-measurements were performed using the Leica TCS SP5 II (Leica Microsystems, 
Mannheim, Germany) equipped with a 63 × 1.2 Water corr objective or with a 63 × 1.3–0.6 oil objective.
SMD measurements. Single molecule imaging was performed using a custom-built instrument: The outputs of 
four continuous-wave optically pumped semiconductor laserdiodes (OPSL, Coherent Inc., Santa Clara, CA, USA) 
with wavelengths of 405 nm (OBIS, 100 mW), 488 nm (Sapphire, 75 mW), 561 nm (Sapphire, 75 mW), and 640 nm 
(OBIS, 100 mW) were controlled by an acousto-optic tunable filter (AOTFnC-400.650-TN and MDSnC, AA 
Opto-Electronic, Orsay, France), coupled into a single mode fiber (kineFLEX™, Qioptiq, Excelitas Technologies 
Corp., Waltham, MA, USA), and cleaned by a quadband excitation filter (FF01–390/482/563/640–25, Semrock, 
Rochester, NY, USA).
For widefield illumination the beam exiting the fiber collimator was expanded 15-times and focused into 
the back focal plane (BFP) of a Nikon CFI Apo TIRF 100x objective (NA 1.49, WD 0.12 mm) via a quadband 
dichroic mirror (Di01-R405/488/561/635–25 × 36, Semrock, Rochester, NY, USA) to exit the objective as a colli-
mated beam with a FWHM of ~42 µm. Objective and filters were mounted in a Nikon Ti-E stand (Nikon, Konan, 
Minato-ku, Tokyo, Japan) equipped with a Perfect Focus System (PFS). For HILO and TIRF imaging the focus 
in the BFP was moved off-center by controlling the position of a mirror with a single-axis stage M-126. DG con-
trolled by a C-863 Mercury Servo Controller (Physik Instrumente (PI), Karlsruhe, Germany).
For standard widefield fluorescence illumination, light from a Prior Lumen 220 Pro metal halide lamp (Prior 
Scientific, Cambridge, UK) was filtered by singleband excitation filters (FF01–390/40–15, FF02–482/18–25, 
FF01–563/9–25, FF01–640/14–25, Semrock, Rochester, NY, USA) and coupled into the microscope via a liq-
uid light guide using the second of two of the Nikon Microscope’s ‘stratum structure’ beam paths. Fluorescence 
emission was imaged onto an Andor iXon EM + DU-897 (back illuminated) EMCCD camera (Andor, Belfast, 
UK) using either Semrock quadband (FF01–446/523/600/677–25), dualband (FF01–523/610–25) or singleband 
emission filters (FF01–445/45–25, FF03–525/50–25, FF01–612/69–25, FF01–731/137–25, Semrock, Rochester, 
NY, USA). The AOTF and single-axis stage were controlled by a custom written virtual instrument (VI) for 
Labview (National Instruments, Austin, TX, USA) using a NI PCIe-6323 data acquisition (DAQ) board (National 
Instruments, Austin, TX, USA) and the fire signals from the camera as timing triggers. The open source software 
Micro-Manager 1.450 was used for image acquisition.
Image acquisition and data analysis. Editing of confocal images was performed using Fiji (version: 
1.48t)51. Single molecule signals were detected and filtered using the ThunderStorm plugin52 for Fiji. For single 
particle tracking and mean square displacement analysis TrackMate53 was used. As a model for confined diffu-
sion, the following formula was used to fit the mean square displacement plots (see ref. 54 for further details on 
single molecule tracking analysis).
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Due to the limited positional accuracy of the localization procedure, even immobile objects have an apparent 
diffusion-like mobility that determines the minimal detectable square displacement. In our case, the positional 
accuracy was ~28 nm which leads to a minimal detectable square displacement of 4× (28 nm)2 = 0,003136 µm2. 
This minimal detectable square displacement is indicated in the plot (Fig. 2E) by a horizontal line near the x-axis. 
Data analysis and simulations were performed with custom written software in MATLAB R2014b. For 2D cul-
tured cells two 4 × 4 µm ROIs, for 3D cultured cells one 4 × 4 ROI per cell were analysed. In Fig. 4, in Fig. 5 and in 
supplementary table 1 medians of distributions of samples from the analyses parameters are visualized. All pre-
sented box plots (Figs 5 and S3, S6–18) show as a central line the median, the top and bottom of each box are the 
first and third quartile, top and bottom line represent the maximum and minimum values. Outliers are colored in 
red. Statistical analysis was performed with GraphPad Prism 7.
Ripley’s K function analysis. For the analysis of the obtained single molecule data we used Ripley’s K func-
tion. This function identifies the average number of signals within concentric rings centered on each molecule37, 38.
∑ λ=
=
K r
n
N r1 /( ) ( )
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n
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1
Where N is the number of points within the radius r of another point normalized by the number of points per 
area λ, where pi is the ith point summed over n points39. This function was linearized to obtain the so-called 
L-function and it was further normalized to generate the H-function.
pi=L r K r( ) ( )/ (3)
= −H r L r r( ) ( ) (4)
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H(r) is 0 if the obtained signals are randomly, poisson distributed. A positive H(r) value indicates clustered data, 
a negative value indicates dispersed signals. To obtain the degree of clustering and the mean cluster radius the 
H-function was plotted against the length scale r. The first local maxima provides the information of the clus-
tering (H(r)max) as well as the maximal cluster radius (rmax)39. For statistical analysis confidence intervals of 
68.27% were generated by simulating 100 random distributions with the same number of signals as a control data 
set.
To visualize the clustering a 2-dimensional pseudo colored heat map was prepared similar to Williamson et 
al.55. Local L(r) values for each point were determined (with r = 130 nm) and interpolated as a surface plot by 
using the MATLAB interpolation function ‘v4’ with a grid set to 10 nm.
The total number of integrins were determined by counting all signals, molecules that convert to the same 
position were removed within the distance of the uncertainty of each dataset.
Cluster area, number of clusters per µm2, number of signals per cluster, cluster density (signals per area) and 
the ratio of clustered/unclustered signals were determined after generating binary cluster maps based on the 
publication of Owen et al.56. To generate binary cluster maps the threshold was adjusted for the controls and was 
set constant.
Statistical analysis. Effects of ionizing radiation or ROS treatment on ECM-binding integrins and pFAK 
were analyzed for significance using an one-way ANOVA test with a Tukey post hoc test. Homogeneity of vari-
ances was tested with the Brown-Forsythe test, if this test resulted in a small P value the Kruskal-Wallis test with 
a Dunn’s multiple comparison test was used to determine significances. For both cases, p ≤ 0.05 was considered 
significant (*), p ≤ 0.01 very significant (**) and p ≤ 0.001 extremely significant (***). Also p ≤ 0.0001 (****) 
was noted.
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β3 and αv integrins are affected by IR in an entirely different manner as β1 
integrins  
  
Results 
Integrin heterodimers of αvβ1 and αvβ3 are well characterized ECM-binding integrins. To 
investigate if IR has an effect on integrins containing αv and β3 subunits comparative 
experiments were performed and results are displayed in in S12 - 18 and in S-table 1. Both 
subunits showed a different reaction towards IR if compared to β1 integrins. 
The most outstanding difference is shown in the effect of IR on integrins containing a β3 
subunit. While the clustering (H max) shows a similar trend if compared to the results obtained 
from the β1 experiments, the severity of the initial effect 2 min after an irradiation with 2 Gy 
and 15 Gy of 2D cells is not comparable. R max is not affected if irradiated with 2 Gy and 
shows only a slight decrease after an irradiation with 15 Gy. An irradiation with 2 Gy of 3D 
cultured cells led to an increase in H max and r max, an irradiation with 15 Gy led only to a 
slight decrease in H max and had no effect on r max. In almost all parameters analyzed in S-
table 1 no or only slight differences were detected after an irradiation with 2 and 15 Gy of cells 
cultured in 2D or 3D. Only the number of molecules and the number of clusters increased 
significantly 2 min after an irradiation with 15 Gy of 2D cells. 
Integrins containing a αv subunit of 2D cells show in their clustering (H max) and their cluster 
radius (r max) a comparable trend towards IR if compared to the β1 results seen in Figure 4. 
An irradiation with 2 Gy of 3D cultured cells led to an increase in H max with no significant 
effect on r max. 3D cells irradiated with 15 Gy showed no significant effect in H max as well as 
in r max (S7). The reaction of the parameters seen in S-table 1 towards IR is comparable if 
the cells were cultured in 2D and irradiated with 2 and 15 Gy, only the number of clusters 
increases with the higher dose. All other parameters decreased and regenerated with time. 
The effect of 2 Gy on 3D cultured cells is comparable, but not as distinct as observed by 2D 
cultured cells. Surprisingly, the effects of IR on αv integrins of 3D cultured cells differ greatly if 
the cells was irradiated with 2 or 15 Gy. While an irradiation with 2 Gy led to a slight decrease 
in all parameters, an irradiation with 15 Gy led to an increase, while the ratio of clustered / 
unclustered signals of 3D cultured cells does not change. These results show that not only the 
ECM binding β1 integrins are affected by IR in dependence of the cell culture system, also 
integrins containing the αv or β3 subunit may contribute to CAM-RR. 
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Discussion 
β3 integrins of 2D cultured cells are only slightly affected by an irradiation with 2 Gy (we could 
only detect a slight, still significant decrease in H max), an irradiation with 15 Gy had only a 
slight effect on the cluster radius but we could detect a significant decrease of the clustering 2 
min after irradiation (see S 12). The most significant changes were detected in the number of 
molecule and clusters, both parameters increased 2 min after irradiation. Since the ratio of 
clustered / unclustered signals was constant as well as the cluster density and the signals per 
cluster, our results indicate that β3 integrins are upregulated and new clusters were generated. 
The effects of IR on β3 integrin differ in dependence of the cell culture system. 3D cultured 
cells irradiated with 2 Gy showed an increase in their clustering and cluster radius, but we 
could not detect distinct effects on the parameters in S-table 1, therefore we assume that β3 
integrin clusters are compressed. Surprisingly, an irradiation with 15 Gy of 3D cultured cells 
revealed no such effects. Only a minor decrease of the clustering was detected. β3 integrin 
clusters of 3D cultured cells are affected after an irradiation with a low dose (2 Gy) but not after 
an irradiation with a high dose (15 Gy), 2D cultured cells are only affected after an irradiation 
with a higher dose (15 Gy) but show a completely different membrane located radiation 
response mechanismen. 
  
Integrins containing the αv subunit are affected by IR in dependence of the dose and cell 
culture system. αv integrins of 2D cultured cells irradiated with 2 Gy showed a decrease in 
their clustering and cluster radius, as well as in all other parameter (except the number of 
clusters) from S-table 1. After an irradiation with 2 Gy we could detect more unclustered 
signals. Since the number of molecules decreased, we assume that the αv integrins emerge 
from the cluster by a combined axial and lateral membrane transport as reported for the β1 
response mechanismen for higher doses. This mechanism also applies for 2D cells irradiated 
with 15 Gy. But, here we could also detect an increase in the number of clusters. This indicates, 
that the αv integrins do not simply emerge from the the clusters, they also form new clusters - 
αv clusters fragment after irradiation with 15 Gy of 2D cultured cells. An irradiation with 2 Gy 
on 3D cultured cells had the same effect on αv and β3 integrins: the clustering and the cluster 
radius increase, leading to a compression of the clusters by a lateral diffusion. The effects of 
15 Gy on αv and β3 integrins of 3D cultured cells is not comparable: only minor decreases in 
the clustering and the cluster radius of αv integrins were detected, the number of molecules 
and clusters as well as the signals per cluster increased after IR. αv integrins are upregulated 
and form new clusters after irradiation. 
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Supplementary figures 
 
 
 
 
 
 
 
 
 
 
 
 
S-table1: Percental change of various parameter after IR of β3 and αV integrins of 
2D and 3D cultured MEF cells. 
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S 1: Line profiles of Lamin A/C of 2D (red) and 3D (blue) cultured cells. (A) Relative 
intensities of line profiles with a width of 3.5 µm of a Lamin A/C staining from cells cultured in 
2D (red) and 3D (blue). N=1, n=5 for 2D and 3D cultured cells. (B, C) Heat map of a Lamin 
A/C immunostaining of 2D (B) and 3D (C) cultured cells including an exemplary line profile 
plotted in (A). Scale bar is 5 µm.  
 
 
 
S 2: Colocalization of integrins of MEF cells cultured in 2D or 3D. (A) αv (magenta) and β1 
(cyan) of 2D cultured cells. (B) Corresponding data for 3D cultured cells. (C) αv (magenta) and 
β3 (cyan) of 2D cultured cells. (D) Corresponding data for 3D cultured cells. Scale bar is 2 µm. 
Arrows indicate integrin-subunit colocalization (white).  
 
B
A C
D
2D
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S 3: Clustering and cluster radius of all controls of β1, β3 and αV integrins. (A) Box plot of 
the clustering (H(r)max) of β1 integrins of 2D (N=8, n=80) and 3D (N=6, n=30) cultured control 
cells. (B) Box plot of the cluster radius r of β1 integrins of 2D (N=8, n=80) and 3D (N=6, n=30) 
cultured control cells. (A, B) Statistical analysis was performed with an ordinary one-way 
ANOVA. (C) Box plot of the clustering (H(r)max) of β3 integrins of 2D (N=4, n=40) and 3D (N=4, 
n=20) cultured control cells. (D) Box plot of the cluster radius r of β3 integrins of 2D (N=4, n=40) 
and 3D (N=4, n=10) cultured control cells. (C, D) Statistical analysis was performed with an 
ordinary one-way ANOVA. (E) Box plot of the clustering (H(r)max) of αv integrins of 2D (N=4, 
n=40) and 3D (N=4, n=20) cultured control cells. (F) Box plot of the cluster radius r of αV 
integrins of 2D (N=4, n=40) and 3D (N=4, n=20) cultured control cells. (E, F) Statistical analysis 
was performed with a Kruskal - Wallis test. *p ≤ 0.05, **p ≤ 0.01. NS, not significantly different. 
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S 4: Simulated data demonstrating the influence of cluster radius and the fraction of 
clustered molecules on the H-function. While the cluster radius is depicted as the first 
maximum of the H-function, the clustering degree correlates with the value of L(r)-r. (A-I) 
Simulated distributions of 1500 molecules including 10 clusters with varying cluster radii and 
clustering degrees. In the upper row (A-C) the 10 cluster each consist of 20 molecules, in the 
middle row (D-E) clusters contain 50 molecules and in the lower row (G-I) clusters comprise 
120 molecules. The cluster radius increases from left to right with a small radius in the left 
column (A, D and G), a medium radius for the middle column (B, E and H) and large radius in 
the right column (C, F and I). J and K show the corresponding H functions for the upper row 
(J) and the middle column (K) and the mean and standard deviation of 1500 completely random 
distributed molecules from 100 simulations. The cluster radius is depicted in the H-plot as the 
first maximum of the H-function at the scale of the highest clustering degree. Hence for 
expanding cluster radii r max increases (J). With higher cluster ratios the maximum of L(r)-r 
increases (K). The radius of clusters against a background of unclustered molecules likewise 
impacts the clustering degree, hence in J L(r)-r max decreases with higher cluster radii.  
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S 5: Effects of IR on the clustering of β1 integrins of 2D cultured cells. Heat maps 
visualising unclustered (dark blue) and clustered (yellow) regions. Cells were irradiated with 
0.5, 2, 6 and 15 Gy and were fixed 2 min, 15 min, 1 h, 6 h and 24 h after irradiation. (A) Control. 
(B-F) Cells irradiated with 0.5 Gy. (G-K) Cells irradiated with 2 Gy. (L-P) Cells irradiated with 
6 Gy and (Q-U) cells irradiated with 15 Gy. Scale bar is 1 µm. 
 
 
 
S 6: Effects of IR on the clustering of β1 integrins of 3D cultured cells. Heat maps 
visualising unclustered (dark blue) and clustered (yellow) regions. Cells were irradiated with 2, 
6 and 15 Gy and were fixed 2 min, 15 min, 1 h, 6 h and 24 h after irradiation. (A) Control. (B-
D) Cells irradiated with 2 Gy. (G-K) Cells irradiated with 6Gy. (L-P) Cells irradiated with 15 Gy. 
Scale bar is 1 µm. 
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S 7: Effects of IR on the clustering (A-G) and the cluster radius (H-N) of β1 integrins of 
2D and 3D cultured cells. Box plots of the clustering H(r)max or the cluster radius r in nm 
plotted against the time (control (c), 2 min, 15 min, 1 h, 6 h and 24 h). 2D cultured cells were 
irradiated with 0.5, 2, 6 and 15 Gy (A-D, H-K), 3D cultured cells were irradiated with 2, 6 and 
15 Gy (E-G, L-N). For 2D cells N=2, n=20. controls were pooled, N=8, n=80. For 3D cells N=2, 
n=10. Controls were pooled, N=6, n=30. Statistical analysis was performed with an ordinary 
one-way ANOVA (A, D, E, F, G, H, I, K, L, M) or with a Kruskal -Wallis test (B, C, F, N). *p ≤ 
0.05, **p ≤ 0.01,***p ≤ 0.001 and ****p ≤ 0.0001. If not further noted no significance was 
detected. 
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S 8: Cluster disintegration is induced by ROS. Box plots of the clustering H(r)max (A, C) 
and the cluster radius r in nm (B, D) of controls and cells treated with 100 µM H2O2 (2D, A and 
B) or of controls and cells treated with 500 mM H2O2 (3D, C and D). N=1, n=20. Statistical 
analysis was performed with a two-tailed Mann-Whitney test for (A) or with a two-tailed, 
unpaired t-test for (B, C, D). *p ≤ 0.05, ****p ≤ 0.0001. 
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S 9: Effects of IR on the cluster area (A-D) and the number of molecules per ROI (E-H) 
of β1 integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box plots of the cluster 
area and the number of molecules, plotted against the time (2 min, 15 min, 1 h, 6 h, 24 h and 
the control (c)). Cells were irradiated with 2 or 15 Gy. For 2D cells N=2, n=20. controls were 
pooled, N=8, n=80. For 3D cells N=2, n=10. Controls were pooled, N=6, n=30. Statistical 
analysis was performed with an ordinary one-way ANOVA (B, C, D, H) or with a Kruskal - 
Wallis test (A, E, F, G). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and ****p ≤ 0.0001. If not further 
noted no significance was detected. 
  
k 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
0
2000
4000
6000
8000
10000
12000
14000
16000
b1 NoMoleculesAll - 2D 15Gy
k 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
0
2000
4000
6000
8000
10000
12000
14000
16000
b1 NoMoleculesAll - 2D 2Gy
k 2 min15 min 1 h 6 h 24 h
Ar
ea
0
500
1000
1500
2000
2500
3000
3500
4000
b1 Area - 2D 15Gy
No. of
molecules
k 2 min15 min 1 h 6 h 24 h
Ar
ea
0
500
1000
1500
2000
2500
3000
3500
4000
b1 Area - 2D 2Gy
2 Gy 15 Gy
2D
3D
c 2 min15 min 1 h 6 h 24 h
Ar
ea
0
500
1000
1500
2000
2500
3000
3500
4000
b1 Area - 3D 2Gy
c 2 min15 min 1 h 6 h 24 h
Ar
ea
0
500
1000
1500
2000
2500
3000
3500
4000
b1 Area - 3D 15Gy
Area
c 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
0
2000
4000
6000
8000
10000
12000
14000
16000
b1 NoMoleculesAll - 3D 2Gy
c 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
0
2000
4000
6000
8000
10000
12000
14000
16000
b1 NoMoleculesAll - 3D 15Gy
2 Gy 15 Gy
c 2 in15 in 1 h 6 h 24 h
Ar
ea
0
500
3
c 2 in15 in 1 h 6 h 24 h
Ar
ea
0
500
1 r  - 3  2Gy
c  i  i    
Ar
ea
5
1
15
2
25
3
35
4
b1 Area - 3D 2Gy
c  i  i    
Ar
ea
5
1
15
2
25
3
35
4
b1 Area - 3D 2Gy
A B
C D
E F
G H
****
***
***
****
****
****
***
****
**
*
* ***
**
*
*
***
*
****
****
****
***
****
***
****
**
c 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
0
2000
4000
6000
8000
10000
12000
14000
16000
b1 NoMoleculesAll - 3D 2Gy
c 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
0
2000
4000
6
8
0
2
4
16000
b1 NoMoleculesAll - 3D 2Gy
c 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
2
4
6
8
0
2
4
16000
b1 NoMoleculesAll - 3D 2Gy
c 2 min15 min 1 h 6 h 24 h
No
M
ol
ec
ul
es
Al
l
2
4
6
8
0
2
4
16000
b1 NoMoleculesAll - 3D 2Gy
k 2 min15 min 1 h 6 h 24 h
Ar
ea
0
5 0
1 0
15 0
2 0
25 0
3 0
35 0
4 0
b1 Area - 2D 2Gy
Ar
ea
 in
 n
m
2
k 2 min15 min 1 h 6 h 24 h
Ar
ea
0
5 0
1 0
15 0
2 0
25 0
3 0
35 0
4 0
b1 Area - 2D 2
Ar
ea
 in
 n
m
2
k 2 min15 min 1 h 6 h 24 h
Ar
ea
0
500
1 0
15 0
2 0
25 0
3 0
35 0
4 0
b1 Area - 2D 2
Ar
ea
 in
 n
m
2
k 2 min15 min 1 h 6 h 24 h
Ar
ea
0
5 0
1 0
15 0
2 0
25 0
3 0
3500
4000
b1 Area - 2D 2Gy
Ar
ea
 in
 n
m
2
No
. o
f M
ol
ec
ul
es
No
. o
f M
ol
ec
ul
es
No
. o
f M
ol
ec
ul
es
No
. o
f M
ol
ec
ul
es
46
 
S 10: Effects of IR on the number of clusters per µm2 (A-D) and the number of signals 
per cluster (E-H) of β1 integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box 
plots of the number of clusters per µm2 and the number of signals per cluster, plotted against 
the time (2 min, 15 min, 1 h, 6 h, 24 h and the control (c)). Cells were irradiated with 2 or 15 
Gy. For 2D cells N=2, n=20. controls were pooled, N=8, n=80. For 3D cells N=2, n=10. Controls 
were pooled, N=6, n=30. Statistical analysis was performed with an ordinary one-way ANOVA 
(A, C, D, E, F, H) or with a Kruskal - Wallis test (B, G). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and 
****p ≤ 0.0001. If not further noted no significance was detected. 
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S 11: Effects of IR on the cluster density (A-D) and the ratio of clustered / total number 
of signals (E-H) of β1 integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box plots 
of the cluster density and the ratio of clustered/unclustered signals, plotted against the time (2 
min, 15 min, 1 h, 6 h, 24 h and the control (c)). Cells were irradiated with 2 or 15 Gy. For 2D 
cells N=2, n=20. controls were pooled, N=8, n=80. For 3D cells N=2, n=10. Controls were 
pooled, N=6, n=30. Statistical analysis was performed with an ordinary one-way ANOVA (C, 
G) or with a Kruskal - Wallis test (A, B, E, F, H). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and ****p ≤ 
0.0001. If not further noted no significance was detected. 
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S 12: Effects of IR on the clustering and the cluster radius of β3 (A-H) and αV (I-P) 
integrins of 2D (A/B, e/F, I/J, O/P) and 3D (C/D, E/F, K/L, M/N) cultured cells. Box plot of 
the clustering H(r) max or the cluster radius r in nm plotted against the time (control (c), 2 min, 
15 min, 1 h, 6 h and 24 h). Cells were irradiated with 2 or 15 Gy. For 2D cells N=2, n=20. 
controls were pooled, N=4, n=40. For 3D cells N=2, n=10. Controls were pooled, N=4, n=20. 
Statistical analysis was performed with an ordinary one-way ANOVA (A, C, D, E, G, H, K, L, 
O, P) or with a Kruskal - Wallis test (B, F, I, J, M, N). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and 
****p ≤ 0.0001. If not further noted no significance was detected. 
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S 13: Effects of IR on the cluster area (A-D) and the number of molecules per ROI (E-H) 
of β3 integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box plots of the cluster 
area and the number of molecules, plotted against the time (2 min, 15 min, 1 h, 6 h, 24 h and 
the control (c)). Cells were irradiated with 2 or 15 Gy. For 2D cells N=2, n=20. controls were 
pooled, N=4, n=40. For 3D cells N=2, n=10. Controls were pooled, N=4, n=20. Statistical 
analysis was performed with an ordinary one-way ANOVA (A - H). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 
0.001 and ****p ≤ 0.0001. If not further noted no significance was detected. 
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S 14: Effects of IR on the number of clusters per µm2 (A-D) and the number of signals 
per cluster (E-H) of β3 integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box 
plots of the number of clusters per µm2 and the number of signals per cluster, plotted against 
the time (2 min, 15 min, 1 h, 6 h, 24 h and the control (c)). Cells were irradiated with 2 or 15 
Gy. For 2D cells N=2, n=20. controls were pooled, N=4, n=40. For 3D cells N=2, n=10. Controls 
were pooled, N=4, n=20. Statistical analysis was performed with an ordinary one-way ANOVA 
(A, C - H) or with a Kruskal - Wallis test (B). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and ****p ≤ 
0.0001. If not further noted no significance was detected. 
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S 15: Effects of IR on the cluster density (A-D) and the ratio of clustered / total number 
of signals (E-H) of β3 integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box plots 
of the cluster density and the ratio of clustered/unclustered signals, plotted against the time (2 
min, 15 min, 1 h, 6 h, 24 h and the control (c)). Cells were irradiated with 2 or 15 Gy. For 2D 
cells N=2, n=20. controls were pooled, N=4, n=40. For 3D cells N=2, n=10. Controls were 
pooled, N=4, n=20. Statistical analysis was performed with an ordinary one-way ANOVA (A, 
C, D, E, G, H) or with a Kruskal - Wallis test (B, F). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and ****p 
≤ 0.0001. If not further noted no significance was detected. 
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S 16: Effects of IR on the cluster area (A-D) and the number of molecules per ROI (E-H) 
of αV integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box plots of the cluster 
area and the number of molecules, plotted against the time (2 min, 15 min, 1 h, 6 h, 24 h and 
the control (c)). Cells were irradiated with 2 or 15 Gy. For 2D cells N=2, n=20. controls were 
pooled, N=4, n=40. For 3D cells N=2, n=10. Controls were pooled, N=4, n=20. Statistical 
analysis was performed with an ordinary one-way ANOVA (C, G, H) or with a Kruskal - Wallis 
test (A, B, D, E, F). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and ****p ≤ 0.0001. If not further noted 
no significance was detected. 
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S 17: Effects of IR on the number of clusters per µm2 (A-D) and the number of signals 
per cluster (E-H) of αV integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box 
plots of the number of clusters per µm2 and the number of signals per cluster, plotted against 
the time (2 min, 15 min, 1 h, 6 h, 24 h and the control (c)). Cells were irradiated with 2 or 15 
Gy. For 2D cells N=2, n=20. controls were pooled, N=4, n=40. For 3D cells N=2, n=10. Controls 
were pooled, N=4, n=20. Statistical analysis was performed with an ordinary one-way ANOVA 
(A, C, D, G, H) or with a Kruskal - Wallis test (B, E, F). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and 
****p ≤ 0.0001. If not further noted no significance was detected. 
  
c 2 min15 min 1 h 6 h 24 h
Do
ts
Pe
rC
lu
st
er
0
500
1000
1500
2000
2500
3000
av DotsPerCluster - 3D 2Gy
c 2 min15 min 1 h 6 h 24 h
Do
ts
Pe
rC
lu
st
er
0
500
1000
1500
2000
2500
3000
av DotsPerCluster - 2D 2Gy
c 2 min15 min 1 h 6 h 24 h
No
Cl
us
te
rA
llp
er
um
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
av NoClusterAllperum - 3D 15Gy
c 2 min15 min 1 h 6 h 24 h
No
Cl
us
te
rA
llp
er
um
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
av NoClusterAllperum - 2D 15Gy
Signals per
Cluster
No. of Clusters
per μm2
2 Gy 15 Gy 2 Gy 15 Gy
2D
3D
c 2 min15 min 1 h 6 h 24 h
No
Cl
us
te
rA
llp
er
um
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
av NoClusterAllperum - 2D 2Gy
c 2 min15 min 1 h 6 h 24 h
No
Cl
us
te
rA
llp
er
um
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
av NoClusterAllperum - 3D 2Gy
c 2 min15 min 1 h 6 h 24 h
Do
ts
Pe
rC
lu
st
er
0
500
1000
1500
2000
2500
3000
av DotsPerCluster - 2D 15Gy
c 2 min15 min 1 h 6 h 24 h
Do
ts
Pe
rC
lu
st
er
0
500
1000
1500
2000
2500
3000
av DotsPerCluster - 3D 15Gy
A B
C D
E F
G H
**
*
****
***
*
***
*
****
*
***
****
****
**
****
*
***
****
****
****
****
***
****
No
.C
lu
st
er
 / 
µm
2
No
.C
lu
st
er
 / 
µm
2
No
.C
lu
st
er
 / 
µm
2
No
.C
lu
st
er
 / 
µm
2
Si
gn
al
s 
/ C
lu
st
er
Si
gn
al
s 
/ C
lu
st
er
Si
gn
al
s 
/ C
lu
st
er
Si
gn
al
s 
/ C
lu
st
er
54
 
S 18: Effects of IR on the cluster density (A-D) and the ratio of clustered / total number 
of signals (E-H) of αV integrins of 2D (A/B, E/F) and 3D (C/D, G/H) cultured cells. Box plots 
of the cluster density and the ratio of clustered/unclustered signals, plotted against the time (2 
min, 15 min, 1 h, 6 h, 24 h and the control (c)). Cells were irradiated with 2 or 15 Gy. For 2D 
cells N=2, n=20. controls were pooled, N=4, n=40. For 3D cells N=2, n=10. Controls were 
pooled, N=4, n=20. Statistical analysis was performed with an ordinary one-way ANOVA (C, 
D, G, H) or with a Kruskal - Wallis test (A, B, E, F). *p ≤ 0.05, **p ≤ 0.01,***p ≤ 0.001 and ****p 
≤ 0.0001. If not further noted no significance was detected. 
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S 19: All pooled controls of β1(A-D), β3 (E-H) and αV (I-L) integrins of 2D (A/B, E/F, I,J) 
and 3D cultured cells (C/D, G/H, K/L). Box plots of the clustering H(r)max and the cluster 
radius r in nm plotted against the dose. Cells stained for β1 integrin were irradiated with 0.5, 2, 
6 and 15 Gy if cultured in 2D, 3D cultured cells were irradiated with 2, 6 and 15 Gy. 2D and 3D 
cultured cells stained for β3 and αV were irradiated with 2 and 15 Gy. For 2D cells N=2, n=20. 
For 3D cells N=2, n=10. 
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Chapter II
Radiosensitization by
anti-integrin β1 (AIIB2) is
based on integrin cluster
breakdown and subsequent
loss of nuclear
mechanosensing
57
5.1 Abstract
Resistance to ionizing radiation has been found to be higher in cells cultured in presence of a 3D matrix, a
process, which has been termed cell-adhesion mediated radio-resistance (CAM-RR). As cell adhesion is -
to a large amount - facilitated by integrin receptors and it was recently found that integrin clustering is a
sensitive and robust indicator of radioresistance, it is reasonable to ask, whether disintegration of integrin
clustering may in turn be a target to induce radioresistance in 3D cultured cells. With the use of the
integrin β1 inhibitory antibody AIIB2, a well-known radiosensitizer, it is possible to completely abolish
integrin clustering in 2D cultured cells, while only a reduced clustering is observed in cells cultured under
3D conditions. There, an additional treatment with low dose (2 Gy) X-ray ionizing irradiation (IR) is
required to remedy all clusters of integrin β1. By following the actin-lamin interaction at the nuclear
envelope with single molecule localization microscopy, it was found that the disintegration of integrin
clusters has a direct impact on this nuclear mechanosensor. Collectively, the here presented results show
that, in addition to biochemical, also mechanobiological cues and in particular nuclear mechanosensing
have to be considered as relevant to uncover the molecular events behind adhesion related radiosensitivity.
5.2 Introduction
Integrins are front and center in the cellular processes that belong to the emerging field of mechanobiology.
By linking the extracellular matrix (ECM) with the intracellular cytoskeleton they enable a cell to sense
and produce mechanical forces that in turn are produced and sensed by neighboring cells [117]. This
exchange of information between cells by mechanotransduction rather than diffusion of soluble molecules
is gaining more and more attention in the quest to understand multicellular organization, development
and diseases.
Cells use a multitude of different proteins acting in a concerted fashion to realize mechanosensation.
Direct conversion of force into biochemical changes is realized by force-induced unfolding of proteins in
the extracellular matrix, focal adhesions and at the nuclear envelope. Filamentous proteins like collagen,
fibronectin, actin, microtubules, intermediate filaments and lamin provide the physical coupling between
these force sensors, thereby enabling a continuous propagation of force throughout the network(s) and,
finally, myosins maintain tension to add adaptive and responsive capabilities [92]. Importantly, this system
allows the nucleus to not only receive biochemical but also mechanical cues about the cell’s environment
and, next to diffusion-based signaling through the cytoplasm, a direct and much faster route exists to
modulate the expression of genes. In more detail, the integration of the nucleus is realized through the
so-called LINC (linker of the nucleoskeleton and cytoskeleton) complex, composed of KASH (nesprin) and
SUN domain proteins, which are located at the outer and inner nuclear membrane, respectively [117].
Much like integrins bridge the plasma membrane to couple the ECM with the cytoskeleton, the LINC
complex bridges both nuclear membranes to physically link actin, microtubules, or intermediate filaments
to lamins [118], turning the nuclear envelope into a force-sensitive interface between the cytoplasm and
chromatin [95].
Inside the nucleus the ’nucleoskeleton’ lamin forms a meshwork of intermediate filaments on the nucle-
oplasmic surface of the inner nuclear membrane and is mechanically interconnected with chromosomes,
which are positioned in distinct locations [102, 103]. Lamin associated proteins (e.g. lamin B receptor,
emerin) anchor the lamin network with chromatin structures and enable lamins to regulate DNA synthesis,
chromatin organization and gene transcription [104, 105]. In particular lamins A and C provide structural
support to the nucleus and define, together with the ECM, the final ends of the mechanotransduction
system [96, 98, 97, 101]. Notably, the stiffness of the lamin nucleoskeleton mirrors the stiffness of the
cell’s environment, linking culture conditions with intranuclear architecture. Soft environments yield a
reduced cytoskeletal tension and lead to higher levels of lamin A/C phosphorylation [100] which, in turn,
yields a more soluble and mechanically weaker lamin network [92]. In other words, the softer the cellular
environment, the more flexible and mobile the nuclear space.
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As the integrin - actin - LINC - lamin connection is able to mirror the mechanical properties of the ECM
in the nucleus [100, 99], any treatment of cells with the nucleus as the prime target needs to take this
connection into account. In cancer treatment, ionizing radiation (IR) is used to cause DNA damage that
leads to cell death. It was found that cells embedded in an ECM show a distinct radioresistance towards
IR if compared to conventionally cultured 2D cells [27]. This effect, termed „cell-adhesion mediated
radio-resistance“ (CAM-RR), shows that not only the effects of IR on DNA has to be considered, but rather
a combination of damaging effects on DNA and on the ECM-nucleus connection needs to be understood
[70, 17]. Of particular importance for the here presented work is the interaction of lamin A/C with
proteins involved in DNA repair. Lamin has been shown to affect the stability and recruitment of 53BP1
resulting in an overall impairment of non-homologous end joining (NHEJ) [119]. Upon DNA damage, it
is thought that chromatin-bound 53BP1 relocates to damage sites to form foci and, in addition, lamin
A/C-associated 53BP1 proteins are released, to further increase the pool of free 53BP1 for a recruitment to
damage sites [120] Likewise, also β1 integrin signaling has been shown to be involved in the regulation
of DNA repair, in particular NHEJ [110].
Attention to the environment of cells in the context of cell survival and cancer treatment led to a
number of publications addressing integrin signaling and its inhibition with inhibitory antibodies like
the integrin β1 inhibitory antibody AIIB2. In these, the 3D environment was identified as a strong
contributor to cell survival and numerous signaling pathways like Akt [109] or NF-κB [106] were found
to be involved. Recently, the inhibition of β1 integrin was also shown to reduce the expression of proteins
involved in DNA repair, mainly those involved in non-homologous end joining (NHEJ) [110], providing
direct evidence for the reason behind CAM-RR. Mechanosensing as a contributor to β1 integrin mediated
resistance of cells in a 3D environment was, however, not addressed in detail, thereby leaving mechanisms
and targets unidentified that could aid in the radiosensitization of tumors. This chapter aims to show,
how the nuclear mechanosensing system, with its origin at integrin containing focal adhesions, responds
to ionizing radiation in dependence of the culture conditions and integrin inhibition.
Previously, it was identified that focal adhesions containing the integrin β1 subunits are a sensitive and
fast compound to react on ionizing radiation (IR), as it was found that the radioresistance of 3D cultured
cells is linked to their ability to maintain stable integrin β1 clusters upon irradiation. By using single
molecule localization and tracking microscopy compatible with 3D cultured cells [42], it was found that
the culture conditions cause marked differences in the organization of integrins. 2D cells were not able
to organize integrins into firm and stable clusters, but instead display a rather loose and heterogeneous
organization of the adhesion receptor. Moreover, a significant fraction of integrins in 2D cultured cells
was found to be highly mobile in the plasma membrane, in contrast to integrins in 3D cultured cells. In
addition, it was found that the integrin signaling is ineffective under the planar 2D culture conditions.
Upon irradiation this unstable organization maintained by 2D cultured cells was severely disturbed by low
doses of radiation, which did not have an effect on the clustered organization of integrins in 3D cultured
cells [41].
Hence, as stable integrin clusters contribute to the radioresistance of 3D cultured cells, it is reasonable
to ask whether an active destabilization of integrin clusters may induce mechanosensation that renders
3D cultured cells as sensitive as those under 2D culture conditions. Therefore, 2D and 3D cultured
cells were treated prior to irradiation with the integrin β1 inhibitor AIIB2, an antibody well known to
enhance the radiosensitivity towards IR of 3D cultured cells and mice xenografts [110, 109, 121]. Therein,
subsequent analysis on the nanoscale distribution of the key components of (nuclear) mechanosensing
system, namely integrin β1, actin, nesprin and lamin were done. In brief, it could be shown that an
inhibition of β1 integrins with AIIB2 leads to a reduction of integrin clustering in cells embedded in an
ECM followed by a complete cluster breakdown after IR and it was possible to show how the information of
clustered/unclustered β1 integrins propagates through the mechanosensing system ultimately influencing
intranuclear lamin distribution.
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5.3 Results
5.3.1 AIIB2 and IR have a cooperative effect on integrin β1 cluster break-down in 3D cultured cells
To investigate the nanoscale effects of AIIB2 and IR co-treatment on integrin β1 clustering, cells were
incubated with the integrin β1 inhibitory antibody 24 h prior to irradiation. Cells were irradiated with
either (i) a low dose of X-rays were integrin clusters were not affected under non-inhibitor conditions
(0.5 Gy for 2D and 2 Gy for 3D cells) and (ii) with a higher dose, were clusters disintegrated upon
x-irradiation (6 Gy for 2D and 15 Gy for 3D cells). Cells were fixed 15 min after irradiation with a rapid
and complete immobilization fixation protocol [86] so that the following results represent snapshots of
the current integrin organization. The effects of AIIB2 treatment on the integrin clustering can be directly
recognized by a visual inspection of the single molecule localization results. Each point in the scatterplots
of Figure 5.1 represent an individual detection of an integrin β1 molecule. While measurements of
untreated, control cells reveal that β1 integrins are organized as clusters, this picture changes after a
treatment with AIIB2 or a combined treatment with AIIB2 and radiation. To put the visual inspection
on quantitative grounds, a Ripley’s K function cluster analysis was performed. This function counts the
number of signals that fall within a defined radius of each detected signal. By plotting this number versus
the respective radii a distribution (H-plot) is yielded, whose first local maximum represents the most
prominent cluster formation of the data set. The height of this maximum gives (i) a measure of the
clustering (H(r) max) and (ii) its position the cluster radius (r max). For a better visualization of the
single molecule localizations, 2D plots of the H(r) max values are represented as heatmaps to visualize
clustered regions with a higher density of signals as yellow areas. The degree of clustering (H(r) max)
and the corresponding cluster radii for all AIIB2 and combined radiation treatments are summarized in
Figure 5.1 (J, I and S, T).
The treatment of 2D cultured cells with the integrin inhibitor AIIB2 leads to a complete break-down of
the loose and dynamic cluster organization. While in the control measurements clear integrin clusters
were detected (Figure 5.1, A and B), this changes after the treatment with AIIB2 (Figure 5.1, C and D).
Also an irradiation with a low dose (0.5 Gy) or with a high dose (6 Gy) could not increase this effect any
further (Figure 5.1, E - H). AIIB2 treatment decreases the clustering (****p ≤ 0.0001, Figure 5.1 I) and
also the cluster radius (****p ≤ 0.0001, Figure 5.1 J). AIIB2 treatment of 3D cultured cells also reduces
the integrin clustering significantly (****p ≤ 0.0001, Figure 5.1 S), but not as severe as detected for the
2D cells - some integrin clusters remain (Figure 5.1 M, N). Through an irradiation with a low dose (2 Gy)
it is possible to break the integrin clustering to the same level as detected for 2D cultured cells treated
with AIIB2 (*p ≤ 0.05, Figure 5.1 O, P and S). An irradiation with a higher dose (15 Gy) revealed the
same effect (****p ≤ 0.01, Figure 5.1 Q and R).
Taken together, the integrin β1 inhibitor AIIB2 has a strong impact on the cell’s ability to maintain well
organized integrins clusters, as in both cell culture systems the clustering is significantly reduced upon
antibody treatment. While this inhibitor completely destroys the already impaired integrin organization
of 2D cells, 3D cells show indeed a reduced clustering but are still able to maintain intact integrin clusters.
Under non-inhibitory conditions a dose of 15 Gy was needed to trigger a slight (but significant) cluster
disintegration of 3D cultured cells. Here, AIIB2 treatment of 3D cells leads to a complete cluster break-
down after an irradiation with a low dose of only 2 Gy. These results prove, that it is possible to target
integrin clustering itself. Still, the molecular connection that leads to AIIB2 induced radiosensitization is
not known. The following results will show that the physical connection between integrins and nucleus,
involving actin, nesprin and lamin, is highly affected by radiation and is further destabilized upon AIIB2
treatment.
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Figure 5.1: Combined radiation and AIIB2 treatment leads to a significant integrin β1 cluster disinte-
gration. Single molecule localization data of β1 integrin immunostainings obtained from fixed
cells 15 min after treatment and from untreated controls. Scatter plots show all detected β1
integrin localizations (A, C, E, G and K, M, O, Q), corresponding heat maps visualize clustered
(yellow) and unclustered (dark blue) regions (B, D, F, H and L, N, P, R), scale bar is 1 µm.
Statistical analysis with the Ripley’s K function reveals the clustering (H(r) max) and the cluster
size (r max). Shown are the distributions of β1 integrins found for untreated 2D cells (A and
B), for 2D cells only treated with AIIB2 (C and D), for 2D cells treated with AIIB2 and irradiated
with 0.5 Gy (E and F) and for 2D cells treated with AIIB2 and irradiated with 6 Gy (G and H). (I
and J) Results of statistical analyzed 2D single molecule data for the clustering (I) and for the
cluster radius (J), where N=2, n=20 (controls: N=4, n=80). (K - T) Corresponding data for 3D
cultured cells, but irradiated with 2 and 15 Gy, N=2 and n=12 (controls: N=3, n=60). Statistical
analysis was performed with a Kruskal - Wallis test. *p ≤ 0.05, **p ≤ 0.01 and ****p ≤ 0.0001
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5.3.2 IN-Lamin: Intranuclear lamin organization changes in response to irradiation only in 3D
cultured cells
With the integrin - actin - LINC - chromatin connection cells are able to mirror the mechanical properties
of the ECM in the nucleus. The nuclear lamina forms a network of intermediate filaments on the
nucleoplasmic surface of the inner nuclear membrane which can be easily recognized as a ring-like
structure in confocal images (Figure 5.2, A and D). The distribution of Lamin A/C is highly ECM
dependent, as the location beneath the inner nuclear membrane versus intranuclear signals differ if line
profiles of 2D and 3D cells are analyzed (Figure 5.2, A - G). Intensity values of non NE-Lamin are 1.5x
higher in 3D cells if compared to 2D cells (****p ≤ 0.0001, Figure 5.2, H).
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Figure 5.2: Intranuclear lamin organization is cell culture dependent. Lamin A/C immunostaining (A),
DNA counterstaining (B) and overlay (C, green: Lamin, blue: DNA) of 2D cultured cells, scale
bar is 5 µm. (D - F) Corresponding data for 3D cultured cells. (G) Relative intensity line profiles
of 2D (blue) and 3D (green) cells as marked in (A) and (D). (H) Bar blots of normalized intensity
values of intranuclear lamin (2D: blue, 3D: green), N=3, n=60. Statistical analysis was performed
with an unpaired t-test, ****p ≤ 0.0001.
Hence, the lamin distribution already differs in dependence of the culture conditions alone. Upon IR,
however, the response of cells gives valuable insights on the different statuses of the mechanosensing
system in 2D and 3D cultured cells. Following the lamin distribution by quantifying the ratio of nuclear
envelope vs. intranuclear located lamin (NE/IN-Lamin) it is possible to show that changes in response to
IR are only observed in 3D cultured cells. Here, β1 integrin clusters disintegrate 15 min after irradiation
with a high dose of 15 Gy. The ring-like structure of NE-lamin blurs 15 min after irradiation and
regenerates overtime. As the intranuclear lamin signal increases significantly (*p ≤ 0.05), the signal
transition towards the ring-like structure vanishes (Figure 5.3, G - L). Notably, the time point after IR at
which lamin rearrangement occurs matches the time point of integrin cluster break-down after the same
IR dose, indicating a close relation between both molecular rearrangements. In contrast, the distribution
of lamin A/C in 2D cultured cells does not directly change in response to an IR dose that otherwise results
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Figure 5.3: Only the nuclear lamina of 3D cells changes in response to IR. Immunostaining of Lamin A/C
with relative intensity line profiles as marked in the confocal slices. Scale bar is 5 µm. Dotted
line in the profiles represents the mean intensity value of intranuclear lamin of control cells.
Shown are Lamin A/C stainings of 2D cells fixed 2 min (A), 15 min (B), 1h (C), 6 h (D) and 24 h
(E) after an irradiation with 6 Gy. (F) Bar plot of normalized intensity values of intranuclear
lamin A/C. (G - L) Corresponding data for 3D cultured cells, cells were irradiated with 15 Gy.
Statistical analysis was performed with a Kruskal - Wallis test with N=2, n=20 (2D control: N=5,
n=50, 3D control: N=3, n=30). *p ≤ 0.05, **p ≤ 0.01 and ****p ≤ 0.0001.
in the complete disintegration of integrin clustering (Figure 5.3, A - F). Only 1h after irradiation the
concentration of IN-Lamin increased. The fact that this timing clearly does not correlate with the observed
effects on integrin clustering in 2D irradiated cells indicates an impaired mechanosensing under these
culture conditions. This point will be addressed in more detail in the discussion. Low dose irradiation -
where integrin clustering is not affected - does not influence the intranuclear lamin organization in both
cell culture systems (S 5.9).
5.3.3 NE-Lamin: Lamin organization at the NE follows IR induced apical f-actin destruction only in
2D cultured cells
To gain further insights in the nuclear envelope located events of lamin in response to IR and in dependence
of the cell culture system, 2D and 3D cultured cells were x-irradiated with a high dose were integrin
clusters disintegrated in previous experiments and with a low dose, were integrin clusters were not
affected. To investigate the effects of IR on the mechanical link between integrins and chromatin, we
also stained for actin. Actin and lamins are linked via nesprins and SUN proteins, transporting the
information from integrins across the nuclear membrane. To analyze the effects of IR on this critical
region single molecule microscopy is used to generate nanoscale colocalization snapshots of both proteins.
The effects can directly be recognized by a visual inspection of the super-resolution images of Figure 5.4
and 5.5. 2D cells exhibit a strong colocalization of apical f-actin and lamin A/C. While the actin appears
as distinct fibers, which always colocalize with lamin, lamin signals are also found in between actin fibers
(Figure 5.4, A - C). An irradiation with a low dose of IR did not affect actin, lamin and consequently
their colocalization (Figure 5.4, D - L). On the contrary, an irradiation with a dose of 6 Gy leads to a
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fragmentation of actin fibers and to a scattering of lamin across the inner nuclear membrane and therefore
to a complete loss of colocalization. 1 h after irradiation actin fibers start to regenerate while lamin signals
are still unorganized. After 6 h, actin - lamin organization and colocalization have recovered (Figure 5.4,
M - U).
At this point it is not clear if the actin - nesprin, or the nesprin - lamin connection of 2D cells is
disrupted upon IR. Therefore, the same experiments were also performed with an costaining of actin and
nesprin-2 (S 5.11 and 5.13), showing the same results. This leads to the suggestion that due to the actin
fragmentation the connection to the nucleus is lost. The colocalization of actin and lamin A/C or nesprin-2
strongly depends on the organization of actin as strong, apical fibers. Confocal images of actin reveal
that prominent f-actin bundles are more or less absent in 3D cultured cells (S 5.10, A - B). Therefore,
the obvious colocalization of actin and lamin A/C is not present in these cells. The actin surrounding
the nucleus of 3D cells is network-like organized and with a detailed inspection, some parts colocalize
with lamin A/C, which is also organized as a meshwork (Figure 5.4, a - c). An irradiation with a low or
with a high dose not lead to apparent effects, either the meshworks itself nor their colocalizing parts are
influenced by IR (Figure 5.4, m - u). The same results were detected with an actin - nesprin-2 costaining
(S 5.12).
To put the visual inspection on quantitative grounds we analyzed the number of lamin A/C molecules
in dependence of the cell culture system combined with low and high dose irradiations (Figure 5.5, A).
ROIs of 2.5 x 2.5 µm were placed in regions where no fibrous structures were present (Figure 5.5, B -
E). Lamin A/C of 2D cells is mainly located on apical f-actin so that only very few signals were detected
between these fibers. On the contrary, as no prominent f-actin is present in 3D cells, a significantly higher
level of lamin A/C could be detected (****p ≤ 0.0001). As IR does not affect the lamin organization at
the NE of 3D cells, it was not possible to detect a significant effect on the number of lamin molecules.
This also applies for 2D cells irradiated with 0.5 Gy, as most of the lamin molecules are still localized at
f-actin fibers. An irradiation of 2D cells with a high dose leads to a significantly higher signal of lamin
A/C 15 min and 1 h after irradiation (****p ≤ 0.0001). As the connection between actin and lamin A/C
is lost, lamin scatters across the inner nuclear membrane leading to a higher signal.
To receive a better understanding of the time dependence of actin destruction and reorganization and
its influence on the lamin organization, an actin polymerization inhibition followed by actin and lamin
A/C staining was performed. Therefore, a mild CytD treatment was chosen so that the cell morphology is
still intact and 2D cells are able to adhere on the coverslip. With this CytD treatment the apical f-actin
surrounding the nucleus of 2D cells was destroyed, as no actin stress fibers are present in 3D cells, an actin
staining revealed no obvious difference (S 5.10, C - D). Superresolution images of CytD treated 2D cells
fixed directly after the treatment reveal that actin fibers are not completely fragmented at this time point
(Figure 5.6, D - F). Shreds of f-actin remain intact and colocalize with lamin A/C. After a regeneration
time of 1 h most of the actin is completely fragmented, still some parts started to regenerate and at these
regions we could not detect a lamin A/C colocalization (Figure 5.6, G - I). After a regeneration time of 6 h
the actin - lamin A/C colocalization regenerated completely (Figure 5.6, J - L). With these results it can
be concluded that (i) f-actin is able to move inner nuclear membrane located lamin (ii) and that after a
f-actin destruction first actin and then lamin A/C is regenerated. A quantitative analysis of the number of
lamin A/C molecules support these results. With the loss of apical f-actin lamin A/C molecules scatter
across the nuclear envelope (Figure S 5.14 A; ***p ≤ 0.001) as detected after an irradiation with a high
dose of IR. Surprisingly, as shreds of f-actin are still present directly after the CytD treatment, line profiles
of confocal lamin A/C stainings reveal a significant increase (****p ≤ 0.0001) of the ratio of inner nuclear
membrane located vs intranuclear lamin A/C (Figure S 5.14 B). Due to a lack of pronounced f-actin in 3D
cells, f-actin inhibition does not change anything in the interaction of actin and lamin A/C (Figure 5.6, M -
X) and in the number of lamin A/C molecules (Figure S 5.14 A). Also line profiles of confocal lamin A/C
stainings reveal no significant effect of CytD treatment on the ratio of inner nuclear membrane located vs
intranuclear lamin A/C (Figure S 5.14 C). This was not unexpected as the CytD did not affect 3D cells at
all.
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Figure 5.4: High doses of IR destroys lamin - f-actin connection only in 2D cells. Superresolution images
of actin (A, D, G, J, M, P; S), lamin A/C (B, E, H, K, N, Q, T) and the corresponding overlay (C, F,
I, L, O, R, U - actin: magenta, lamin A/C: cyan) of 2D control cells (A-C), 2D cells irradiated with
0.5 Gy (D-L) and 2D cells irradiated with 6 Gy (M-U). Cells were fixed 15 min after irradiation.
(a-u) Corresponding data for 3D cultured cells. 3D cells were irradiated with 2 Gy (a-l) and 15
Gy (m-u). White arrows indicate regions with actin - lamin A/C colocalization (white), green
arrow indicate regions where f-actin does not colocalize with lamin. Scale bar is 1 µm.
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Figure 5.5: F-actin located lamin A/C molecules of 2D cells scatter after high dose irradiation. Single
molecule localization data of inner nuclear membrane located lamin A/C molecules. (A) Box
plots of the number of non f-actin located lamin A/C molecules of 2D and 3D cultured cells,
fixed 15 min, 1h and 6 h after IR, as well as unirradiated controls. 2D cells were irradiated with
0.5 and 6 Gy, 3D cells were irradiated with 2 and 15 Gy. Statistical analysis was performed with
an unpaired t-test and with a Kruskal-Wallis test (****p ≤ 0.0001). For 2D cells N=2, n=20, for
3D cells N=2, n=10. (B - E) Sketch of the ROI (2.5 x 2.5 µm) placement for the data analyzed in
(A). (B) Unirradiated 2D cells, ROI is placed between fibrous lamin A/C. For (C) irradiated 2D,
(D) unirradiated 3D (E) and irradiated 3D cells the ROI is placed randomly as f-actin located
lamin A/C is not present. Scale bar is 1 µm.
5.3.4 Only combined treatment of IR and AIIB2 significantly affects the nuclear lamina
organization of 3D cells
To finally uncover the molecular link eventually leading to the radiosensitizing effect of AIIB2, irradiation
experiments were combined with an AIIB2 treatment of cells cultured under both cell culture systems
followed by actin and lamin A/C staining. Superresolution and confocal images of the actin - lamin A/C
colocalization reveal that the actin organization 3D cells is not affected by the integrin inhibitor treatment,
however 2D cells reveal a lesser amount of f-actin fibers spanning through the cell (see also S 5.10, E - F).
Surprisingly, the molecular interference of the inhibitory antibody AIIB2 leads to a reorganization of inner
nuclear membrane located lamin A/C in both cell culture systems.
As 2D cells still process apical f-actin the interaction with lamin is not influenced by the treatment -
lamin colocalizes strongly with f-actin in presence of the inhibitor. Stunningly, the not-colocalizing signals
of lamin A/C are dispersed (Figure 5.6, d - f). Under non-inhibitor conditions an irradiation with only 0.5
Gy did not affect the actin - lamin connection, only a high dose irradiation leads to f-actin destruction and
lamin reorganization. The measurements of 2D cells treated with AIIB2 and 0.5 Gy show that the actin
cytoskeleton is still not affected. However, lamin A/C is scattered across the inner nuclear membrane so
that the actin - nucleus connection is disrupted (Figure 5.6, g - i). An irradiation with a high dose of 6 Gy
leads to a combined f-actin break-down and lamin A/C scattering (Figure 5.6, j - l).
A quantitative analysis of the number of lamin A/C molecules support these results. With the AIIB2
treatment the signals of non-actin localized lamin molecules wanes (Figure 5.7 A; **p ≤ 0.01), whereas
an additional treatment with ionizing radiation leads to a scattering of the actin localized molecules
across the nuclear envelope and therefore to a significant increase of lamin signals (***p ≤ 0.001). The
actin cytoskeleton of 3D cells is also not affected by the AIIB2 treatment. On the contrary, the overall
signals of lamin A/C molecules are reduced while actin - lamin colocalizing regions still remain (Figure
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Figure 5.6: 3D cells are less disturbed by any treatment and only a combination of AIIB2 and IR leads
to a significant effect on the nuclear lamina organization of 3D cells. Superresolution images
of actin (A, D, G, J, M, P, S, V as well as a, d, g, j, m, p, s, v), lamin A/C (B, E, H, K, N, Q, T, W as
well as b, e, h, k, n, q, t, w) and the corresponding overlay (C, F, I, L, O, R, U, X as well as c, f, i,
l, o, r, u, x - actin: magenta, lamin A/C: cyan). Shown are superresolution images of 2D (A-L)
cells fixed directly after CytD treatment (0 min, D-F), after a recovery time of 1 h (G-l) and 6 h
(J-L), as well as untreated control cells (A-C). (M-X) Corresponding data for CytD treated 3D
cultured cells. For the combined treatment of AIIB2 and IR untreated 2D cells (A-C), 2D cells
only treated with AIIB2 (d - f), 2D cells treated with AIIB2 and irradiated with 0.5 Gy (g - i) and
2D cells treated with AIIB2 and irradiated with 6 Gy (j - l) are shown. (m - x) Corresponding
data for 3D cultured cells, but irradiated with 2 Gy and 15 Gy. White arrows indicate regions
with actin - lamin A/C colocalization (white), green arrows indicate regions where f-actin does
not colocalize with lamin. Scale bar is 1 µm.
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Figure 5.7: Combined treatment with AIIB2 and radiation leads to a loss of inner nuclear located lamin
but to an increase of intranuclear lamin of 3D cells Single molecule data analysis and line
profile analysis of confocal images of lamin A/C immunostainings. (A) Box plots of the number
of non f-actin located lamin A/C molecules of 2D and 3D cultured cells of controls, AIIB2 treated
cells and cells treated with AIIB2 and irradiation. 2D cells were irradiated with 0.5 and 6 Gy,
3D cells with 2 and 15 Gy. Statistical analysis was performed with an unpaired t-test and with
a Kruskal-Wallis test. For 2D cells N=2, n=20 for 3D cells N=2, n=10 (2D control: N=5, n=50,
3D control: N=3, n=30). (B - C) Line profile analysis of confocal images of 2D (B) and 3D (C)
cells, plotted are normalized intensity values of intranuclear lamin A/C. Same treatment as
described above. Statistical analysis was performed with an one-way ANOVA. *p ≤ 0.05, **p
≤ 0.01,***p ≤ 0.001 and ****p ≤ 0.0001, N=2, n=20.
5.6, p - r and Figure 5.7 A, **p ≤ 0.01). A combined treatment with the integrin inhibitor and a low dose
of IR did not further reduce the number of lamin signals beneath the NE (Figure 5.6, s - u and Figure 5.7
A). In contrast, a combined treatment of high dose irradiation and AIIB2 leads to a more or less complete
loss of lamin molecules at the inner nuclear membrane (Figure 5.6, v - x and Figure 5.7 A).
To further investigate the combined effects of IR and integrin inhibition on the nuclear lamina, line pro-
files of confocal images were evaluated and the ratio of detected nuclear envelope located vs intranuclear
lamin A/C signal were determined. While only an irradiation with a low or high dose did not influence
this ratio, the treatment with AIIB2 alone leads to a significantly higher (****p ≤ 0.0001) intranuclear
level of 2D cells. A combined treatment with low or high dose irradiation and AIIB2 treatment did not
increase this ratio any further (Figure 5.7 B). The treatment with AIIB2 of 3D cells also leads to a higher,
but not significant (p = 0.08), increase in intranuclear lamin A/C. Under non-inhibitor conditions only
with a high dose irradiation a significant increase of non-NE lamin could be detected. Here, a combined
treatment with AIIB2 and a low dose of IR lead to a significant increase of intranuclear signal (*p ≤ 0.05),
the significance could be further increased with a high dose irradiation of 15 Gy (**p ≤ 0.01, Figure 5.7
C). Taken together, AIIB2 significantly enhances IR effects in 3D cultured cells, both at the level of integrin
organization and - in consequence - organization and amount of NE-lamin.
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5.4 Discussion
While studies on the cellular effects of IR are generally focused on DNA damage and its subsequent
repair, it was identified that the adhesion of cells to a 3D environment leads to a higher resistance
against ionizing radiation in comparison to cells grown under standard 2D conditions [41, 122]. To
identify the link between adhesion and radioresistance, in principle all adhesion related proteins, such as
integrins, immunoglobulins, cadherins, selectins, and syndecans come into focus as they all contribute
to the complex process of the adhesion of cells to the extracellular matrix and adjacent cells. Among
them, integrins are of particular interest as the key proteins that link the extracellular matrix with the
intracellular cytoskeleton, enabling cells to sense and produce mechanical forces [123]. So far, mainly the
connections between integrins and soluble multi-protein cascades have been thoroughly investigated in
the context of adhesion related radioresistance (ILK, FAK, JNK1, AKT1, PINCH1, HDAC) [18, 19, 20, 21],
while the mechanotransductive connection between the extracellular and intranuclear matrix, realized by
integrins, actin, nuclear envelope proteins (nesprins, SUN proteins) and the nuclear lamina (lamin A/C),
has not yet been studied in detail. To address this gap, the response of 2D and 3D cultured cells to ionizing
radiation on the level of individual integrin β1 clusters was previously investigated and it was found that
culture dependent radioresistance (i.e. CAM-RR) is reflected in the ability of cells to maintain a stable
organization of integrins into clusters leading to an intact and effective integrin signaling. Therefore, it
can be concluded that an active disintegration of integrin clusters may in turn induce radiosensitivity,
making the nanoscale distribution of integrins a potential drug target for radiosensitization [41]).
The aim of this study was to interfere with the clustering of integrins by using the inhibitory antibody
AIIB2, a molecule already known to induce radiosensitization. However, a cell’s ability to survive
radiation treatments and, in particular, even maintain the ability to proliferate, is ultimately linked to
nuclear activities. Hence, the view on the membrane located events of a cell’s interaction with the ECM
(i.e. integrin clustering) was extended by also following the nanoscale distribution of proteins that
physically link integrins with the nuclear lamina. Thus, by combining treatments of ionizing radiation
with integrin inhibition the consequences of AIIB2 induced radiosensitization was investigated by taking a
detailed view on the molecular connection between the extracellular and the nuclear matrix, bringing
mechanotransduction into focus to uncover the molecular events behind CAM-RR.
5.4.1 Culture conditions have a profound impact on the organization of proteins involved in
nuclear mechanosensing
In this study, culture conditions in absence of any treatment were not only found to cause a marked
difference in the ability to maintain well defined integrin clusters, but also in the organization of proteins
involved the physical connection between the extracellular and the nuclear matrix. Hence, in order to
elucidate the relevance of nuclear mechanosensing in the context of radiation treatment and culture
conditions, the distribution and nanoscale organization of integrins, actin, nesprin, and lamin was
followed.
As the pathways that propagate mechanical information from the extracellular environment to the
nucleus converge on the main structural proteins of the nucleus, i.e. the lamins [95], this protein is central
to investigate nuclear mechanosensing. In particular, as others have shown [100, 99], the differential
distribution of lamin to form a thin layer beneath the NE (NE-Lamin) versus a rather dispersed intranuclear
localization (IN-Lamin) is a useful indicator of the tensile forces that are transferred from the stiffness of
the culture environment to the NE via actin and nesprin.
As it was shown earlier[41], mechanosensing in the here presented 3D culture system optimized for
single molecule microscopy leads to a significantly higher ratio of NE- vs IN-Lamin and far less prominent
f-actin fibers within the cytosol in comparison to the situation in 2D cultured cells. Intensity values of
NE vs. IN-lamin were found to be 1.5x higher in 3D cells in comparison to 2D cells (****p ≤ 0.0001,
Figure 5.2 H and S5.10. More information about the influence of the culture conditions on nuclear
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mechanosensing is obtained by a close look at the last step in the force propagation pathway from the
extracellular to the nuclear matrix. Nanoscale colocalizations of actin and lamin at the NE reveal strong,
fibrous colocalizations between both filamentous proteins in 2D cultured cells (Figure 5.4 C), whereas a
far less intense colocalization and organization into fibers forms under 3D culture conditions (Figure 5.5
c).
Therefore, it can be concluded that the nucleus successfully senses the stiffness environment presented
by these culture systems and that the different organization of the nuclear matrix protein lamin under
both culture conditions is based on this sensing. Under stiff 2D culture conditions actin with its stress-
strengthening properties [95] is under high tension, organized into distinct bundles and passes this status
to the lamin network, which itself adopts a distinctly structured organization at the NE (Figure 5.8 B).
Likewise, the flexible and pliable 3D culture conditions are reflected by the actin-lamin organization into
a scattered and only partly colocalizing system (Figure 5.8 H).
5.4.2 Radiosensitivity is accompanied by peripheral lamin localization
As shown and mentioned above, already the culture conditions alone affect all components of the
mechanosensing system (i.e. integrins, actin, nesprin, and lamin). Hence, 2D culture conditions can be
viewed as a stress factor. With this in mind, it comes as no surprise that cells cultured under the two
conditions show a different response to any additional stress treatment.
In response to high doses of IR, 3D cultured cells, with their intact and responsive nuclear mechanosens-
ing, reorganize lamin A/C. Integrin clusters disintegrate to a small amount but actin or NE located lamin
A/C do not fragment and more or less stay unchanged. Therefore, the actin-lamin connection can still
sense the reduced tension resulting from integrin cluster breakdown, leading to a reorganization of the
inner nuclear lamina (Figure 5.8 I). It is this less rigidly connected status between actin and lamin that
seems to leave enough freedom for lamin to reorganize and redistribute to intranuclear regions in 3D
cultured cells in situations of elevated stress and requirements for DNA repair.
In contrast, for cells cultured in 2D, the entire mechanosensing chain is affected by treatment with IR.
Integrin clusters completely disintegrate and f-actin and NE located lamin fragment and separate from
their previously strong colocalization (Figure 5.8 C). Accordingly, lamin does not redistribute towards the
nucleus center, presumably as it does not receive the proper signal. Only at 1 h after x-irradiation - where
f-actin and lamin A/C colocalization regions start to regenerate (Figure 5.6) - the nuclear lamina shows a
higher amount of intranuclear signal (Figure 5.3). Intriguingly, it was possible to reproduce this effect by
a mild CytD treatment, that yielded an actin-lamin distribution and level of colocalization that resembled
the pattern found in 3D and 1 h after IR in 2D cultured cells (Figure 5.8 D). With this it can be concluded
that also 2D cultured cells are able to reorganize their intranuclear lamina, if the strong actin-tension
is alleviated which then allows for a more balanced mechano force propagation signaling. Otherwise,
neither prominent f-actin bundles - as observed in all 2D cultured cells - nor depolymerized actin can
act as a mechano component. In conclusion, the ability to redistribute lamin in response to IR is key to
withstand IR treatment. As lamin is well known to have a strong impact on proteins involved in DNA
repair, it is the lamin distribution that links the culture conditions with the intranuclear stress response
to IR. From studies on laminophathys or Lmna-/- mice, which are characterized by low or zero levels of
lamin A/C, it is known that, for example, the fast phase of DNA double strand break (DSB) repair, namely
non-homologous end joining (NHEJ), is delayed [95] and 53BP1 recruitment is impaired [119, 120].
Hence, if these findings based on overall low levels of lamin are indicative for the situation found in 2D
cultured cells with the low intranuclear lamin levels, then DNA repair is directly challenged by the 2D
culture conditions.
Taken together, these results suggest that the integrin - actin - LINC - chromatin connection of 2D cells
is too rigid to allow for lamin reorganization, while 3D cultured cells maintain a more balanced system
that is able to respond to IR treatment with steps in favor of a fast DNA repair.
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5.4.3 AIIB2 renders 3D cells radiosensitive due to breakdown of nuclear mechanosensing
Last but not least, to understand how the molecular components of the nuclear mechanosensing respond
to the known radiosensitizer AIIB2, cells cultured under both culture conditions were treated with AIIB2
and IR.
A 24 h treatment of 2D cultured cells with AIIB2 led to a complete abolishment of integrin clusters with
and without subsequent irradiation. Under these culture conditions, intranuclear lamin signals increased
in both cases, even though f-actin bundles and the strong colocalization of apical f-actin and NE located
lamin A/C remained intact in absence of an additional IR treatment. Thus, a release of actin from focal
adhesions following AIIB2 treatment renders f-actin, that remains visible in 2D cultured cells, ineffective
as a mechano component. The accompanied tension drop allows lamin to redistribute much like in cells
grown in a soft 3D environment.
Even more, redistribution of lamin towards intranuclear regions in response to AIIB2 is so complete,
that the nuclear envelope is virtually free of non-actin associated lamin. Likely, as AIIB2 not only impacts
mechanotransduction but inhibits integrin β1 signaling in general, diffusion based integrin signalling
(e.g. via Akt [109] or NF-κB [106] pathways) may contribute to this behavior. Upon irradiation of AIIB2
treated cells, also the actin-lamin connection (i.e. colocalization) is lost, leading to the separation of
both proteins and, as a result, the release of even more lamin from the NE. Hence, in order for lamin to
colocalize with actin at the NE, actin tension is key.
On the contrary, the mechanical homeostasis of 3D cells is hard to break, which contributes to the
observed radioresistance of 3D cultured cells. Targeting integrins with AIIB2 only leads to a reduction of
clustering and consequently leaves some integrin-actin interactions still intact. Similar to 2D cells, were
non-actin colocalizing lamin signals vanished upon AIIB2 treatment, the meshwork like structure of lamin
A/C is reduced with AIIB2 (Figure 5.8 K). Importantly, however, it was found that AIIB2 significantly
reduces the IR dose that leads to a complete integrin cluster breakdown in 3D cultured cells. While 15 Gy
were required in the absence of AIIB2, the integrin inhibitor reduced this dose to only 2 Gy.
Only under the condition of a double treatment with AIIB2 and high (15 Gy) dose irradiation, a
complete breakdown of the mechanosensitive system is observed in 3D cultured cells as apparent from
the disappearance of NE located lamin A/C signals (Figure 5.8 L). In the 2D case these signals vanished
under much milder treatment conditions.
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Figure 5.8: AIIB2 shifts the actin-tension equilibrium and induces IR sensitivity in 3D cells. (A) 2D cells
possess a different organization of integrins, the nuclear lamina and actin if compared to
3D cells (G). (B) Apical f-actin of 2D cells leads to a strong, fibrous colocalization with Lamin
A/C. This colocalization induces an imbalanced nuclear-force feedback leading to a loose and
highly dynamic integrin organization and it prevents the reorganization of intranuclear lamin
A/C. (C) This imperfect actin-force feedback combined with loose integrin clusters results in
a complete break-down of force transmission upon irradiation with 6 Gy. Integrin clusters
disintegrate, actin and lamin fragmentate leading to a scattering of lamin signals beneath the
NE. Due to a complete loss of actin tension intranuclear lamin can not be reorganized. (D)
Mild CytD treatment leads to a reorganization of intranuclear lamin as it only reduces the
actin-lamin colocalization by not affecting the actin-integrin interactions. An actin-tension
equilibrium is build up leading to the reorganization of intranuclear lamin. (E) AIIB2 treatment
leads to integrin cluster disintegration and the loss of actin-integrin interactions. As the actin
cytoskeleton remains intact the actin-lamin colocalization is not affected but non-colocalized
lamin signals are loss. Whereas actin is not bound by integrins the actin-tension is shifted so that
intranuclear lamin A/C can be reorganized. (F) An irradiation of cells under the condition of (E)
leads to additional actin fragmentation and to a complete loss of actin-lamin colocalization as
NE-located lamin signals are scattered leading to a actin-tension break-down. Intranuclear lamin
is not further reorganized. (H) 3D cells exhibit a mechano-homeostasis. Firm and stable integrin
clusters as well as only few actin-lamin colocalizations lead to an actin-tension equilibrium and
to a higher amount of intranuclear lamin A/C if compared to 2D cells. (I) An irradiation with 15
Gy leads to a slight integrin cluster disintegration but not all integrin clusters and therefore not
all integrin-actin interactions are disrupted. Actin-lamin interactions are not affected leading to
a minor shift of the nuclear-force feedback and to a higher concentration of intranuclear lamin
A/C. (J) Mild CytD treatment does not affect 3D cells. (K) AIIB2 treatment leads to a slight
integrin cluster break down but not all integrin clusters and therefore not all integrin-actin
interactions are affected leading to a minor change of the nuclear force-feedback. Integrin
inhibition reduces the amount of NE-lamin A/C, intranuclear lamin is not significantly altered.
(L) An irradiation of cells under the condition of (K) leads to a complete integrin cluster as well
as actin-tension break-down. Integrin-actin interaction as well as actin-lamin colocalization
are disrupted. NE-lamin A/C signals vanish, non-NE lamin A/C signals increase. The ability of
AIIB2 to break integrin clustering leads to a destabilization of the actin-tension equilibrium
and in turn induces sensitivity towards IR of 3D cells. Blue arrows indicate intact interactions
between actin-lamin A/C or integrin-actin. Red arrows indicate disrupted interaction sides.
Double arrows beside the zoom-ins indicate the change in action-tension.
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5.5 Conclusion
In this chapter a connection between radiosensitivity and mechanobiological cues is drawn. With the use
of single molecule localization microscopy, it was possible to follow the nanoscale distribution of integrin
β1, actin, nesprin and lamin, and it could be shown that intranuclear lamin redistribution is impaired
under 2D culture conditions due to a non-functional mechanosensing system.
The involvement of mechanobiological cues in the radiosensitive response of 2D cultured cells is visible
on many scales: (i) integrin clusters fall apart upon low dose irradiation (possible due to non-functional
mechano-feedback that would favor their formation), (ii) the actin-lamin interface at the NE is patterned
in an artificially ordered manner (not seen in 3D), (iii) IN-lamin is distributed differently if compared
to 3D cells and (iv) after deliberate disruption of the mechano-system at numerous levels (inhibition
of integrins with AIIB2, recovery of actin and lamin at the NE after IR, incomplete depolymerization of
actin after mild CytD treatment), lamin redistribution returns. From that it can be concluded that the
pre-tension of the mechanosensing machinery of 2D cultured cells is on a high level that does not allow
for an adaptive response. If disturbed, this tension is released and permits lamin to redistribute within
the nucleus. Hence, impaired lamin distribution may - in the same way laminopathies and Lmna -/- mice
show DNA repair problems - be one of the prime reasons for 2D cells to be radiosensitive. Notably, and
especially in the context of mechanobiology, 2D cultured cells should not be viewed as a „control“, as
this culture condition represents a highly artificial mechano environment. In this sense, 3D cultured cells
should not be termed „radioresistant“. Rather, 2D cells are „radiosensitive“.
3D cultured cells, in turn, have a level of pre-tension enabling them to properly respond to stressors, as
it becomes evident from numerous observations: (i) Integrins are clustered, (ii) the actin/lamin interface
at the NE is less rigidly structured, allowing it to respond to changing tension scenarios, and (iii) the
presence of IN-lamin. The stability of this force feedback system can not be disrupted upon low dose
irradiation, CytD or AIIB2 treatment alone. Only a combined treatment of IR and AIIB2 leads to an
interruption of the mechanobiological balance with clear effects at both ends of the mechanobiological
system: On one end, integrins decluster as the tension feedback is lacking, and on the other end, lamin
redistribution, as a tension signal, is lost.
In closing, it once more becomes evident that 2D cell cultures present a highly artificial environment
that does not provide the means to investigate mechanobiological aspects. The latter, however, should
move into the focus of IR research, as potential new drug targets in the form of proteins or mechanisms
may emerge, if the concepts of this important field are considered.
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5.6 Material and Methods
5.6.1 Cell culture
Mouse embryonic fibroblasts (MEF cells) were cultured in DMEM / Ham’s F-12 (1:1) (Biochrom, Berlin,
Germany) supplemented with 10% FCS (Sigma-Aldrich, St. Louis, Missouri, USA) and 1% NEAA
(Biochrom, Berlin, Germany) in a humidified chamber at 37 ◦C and 5% CO2. Cell cultures were prepared
on round coverslips (Karl Hecht GmbH, Sondheim, Germany, NO 1.5, ∅ = 25 mm). The preparation of
3D cells was described in Babel et al. [41]). In brief, MEF cells were cultured in 15 µl sized 1.5 mg/ml
collagen I hydrogels (3 mg/ml rat-tail collagen I stock solution, Thermo Fischer Scientific, Waltham,
Ma, USA) on APTS (3-Aminopropyl)triethoxysilane, Sigma-Aldrich, St. Louis, Missouri, USA) coated
coverslips. Cells were incubated 4 to 5 days prior to use.
5.6.2 Radiation
Cells were irradiated with an Isovolt 160 Titan E (GE Sensing & Inspection Technologies, Alzenau,
Germany) x-ray source. Cells were irradiated with a voltage of 90 kV and a current of 19 mA (0.5 and
2 Gy) or 33.7 mA (6 and 15 Gy). Doses were delivered at a 30 cm source to probe distance with cell
cultures placed on a 2 mm aluminum filtering plate with respect to the glass doubling factor [124]. Cells
were fixed at specific time points after irradiation.
5.6.3 Integrin β1 inhibition
Cells were incubated 24 h (humidified chamber at 37 ◦C and 5% CO2) in medium supplemented with 10
µg/ml of the integrin β1 inhibitor AIIB2 (Merck KGaA, Darmstadt, Germany) prior to experiments.
5.6.4 Inhibition of actin polymerization
Cells were incubated for 30 min (humidified chamber at 37 ◦C and 5% CO2) in serum-free medium
supplemented with 0.8 µM CytochalasinD (Enzo Life Science GmbH, Lörrach, Germany). Cells were fixed
directly after treatment.
5.6.5 Immunofluorescence
The following antibodies and dyes were used: anti Nesprin-2 (sc-99181, Santa Cruz, Dellas, Texas, USA),
anti Lamin A/C (ab8984, abcam, Cambridge, UK), anti rabbit Alexa Fluor 488 (Thermo Fisher Scientific,
Waltham, Ma, USA) and anti CD29 Alexa Fluor 488 (integrin β1, Biozol Diagnostica, Eching, Germany).
Actin was stained with Phalloidin CruzFluor 555 (Santa Cruz, Dellas, Texas, USA), DNA was stained
with Hoechst 33342 (Sigma-Aldrich, St. Louis, Missouri, USA). For SMD measurements all antibodies
were diluted 1:10.000 for 2D and 1:5000 for 3D cells, for CLSM measurements primary antibodies were
diluted 1:100 and secondary antibodies 1:200. 1000x stock solution of Phalloidin CruzFluor 555 was
diluted 1:25.000 in 1% BSA (AppliChem, Darmstadt, Germany) for SMD measurements and was used
as an dilution of 1:1000 in 1% BSA for CLSM measurements. For DNA staining Hoechst 33342 stock
solution (2 mg/ml) was diluted 1:1000. Cells were fixed with 4% PFA (Carl Roth GmbH Karlsruhe,
Germany) supplemented with 0.2% glutaraldehyde (Serva Electrophoresis, Heidelberg, Germany) in PBS
(Sigma-Aldrich, St. Louis, Missouri, USA, pH 6.9) for 1 h at 4 ◦C. For stainings with nesprin-2, Lamin A/C
or Phalloidin, cells were permeabilized with 0.2% Triton-X100 in PBS (AppliChem, Darmstadt, Germany)
74
for 10 min at RT prior to blocking with 1% BSA (3% for Lamin A/C staining) for 1 h at 37 ◦C. Cells were
incubated with a primary antibody (or directly labeled anti integrin β1 antibody) for 3 h at 4 ◦C followed
by an additional blocking step with 1% BSA at 37 ◦C for 1 h. Afterwards, cells were incubated with the
secondary antibody for 3 h at 4 ◦C. For an additional actin staining cells were blocked with 1% BSA for
30 min followed by Phalloidin staining for 1 h at 4 ◦C. For DNA counterstaining cells were incubated in
Hoechst dye for 5 min at RT. After every fixation, permeabilization and staining step, cells were washed 3
times with PBS-T.
5.6.6 Microscopy
Microscopy buffer
For SMD measurements a standard STORM buffer [125] containing 100 mM MEA (beta-mercaptoethylamine,
pH 8.5, Sigma-Aldrich, St. Louis, Missouri, USA), 140 U catalase (Sigma-Aldrich, St. Louis, Missouri, USA,
C3515) and 10 U glucose oxidase (Sigma-Aldrich, St. Louis, Missouri, USA, G0543) in Tris-buffer (50 mM
Tris, 10 mM NaCl (both AppliChem, Darmstadt, Germany), pH 8) supplemented with 10% (w/v) glucose
(AppliChem, Darmstadt, Germany) was used.
CLSM measurements
CLSM-measurements were performed using the Leica TCS SP5 II or the Leica SP8 (Leica Microsystems,
Mannheim, Germany) equipped with a 63x 1.2 Water corr objective or with a 63x 1.3-0.6 oil objective.
SMD measurements
All SMD measurements were performed with a custom-built instrument. A detailed description of the
setup was published previously [41].
5.6.7 Image acquisition and data analysis
Editing of images was performed using Fiji (version: 1.51h) [126]. To analyze the effects of ionizing
radiation on β1 integrins of AIIB2 treated cells or to quantify the number of non-fibrous Lamin molecules,
single molecule signals were detected and filtered using the ThunderStorm plugin for Fiji [127]. For
the add-on cluster analysis custom written software in MATLAB R2014b was used. For non-quantitative
analysis of single molecule data the NanoJ plug-in for Fiji was used [128]. For all SMD analysis 4x4 µm
ROIs were quantified.
Cluster Analysis - Ripley’s K function
The Ripley’s K function is a standard method to analyze single molecule data. In brief, this function
identifies the average number of signals within rings centered on each molecule [129, 88]. By plotting this
number against the respective radii a distribution (the so called H plot) is yielded, where the maximum
represents the most prominent cluster distribution. The height of the first local maximum (H(r)max)
gives a measure of the degree of clustering and its position the radius of the most frequent clusters
[129, 88, 89]. Based on the publication of Williamson et al [78], heat maps were created. A detailed
description of our cluster analysis can be found in Babel et al. [41]. To remove duplicates, molecules that
convert to the same position were removed within the distance of the uncertainty of each dataset.
5.6.8 Statistical analysis
Statistical analysis was performed with GraphPad Prism 7. For multiple comparisons, significances were
analyzed with an one-way ANOVA test with a Tukey post hoc test. Homogeneity of variances was tested
with the Brown-Forsythe test, if this test resulted in a small P value the Kruskal-Wallis test with a Dunn’s
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multiple comparison test was used. For simple comparisons, significances were analyzed with an unpaired,
two-tailed t-test. For all cases, p ≤ 0.05 was considered significant (*), p ≤ 0.01 very significant (**) and
p ≤ 0.001 extremely significant (***). Also p ≤ 0.0001 (****) was noted. All presented box plots show as
a central line the median, the top and bottom of each box are the first and third quartile, top and bottom
line represent the maximum and minimum values. Outliers are colored in red.
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Figure 5.9: Low dose irradiation has no effect on the intranuclear lamin organization.Immunostainings
of Lamin A/C with relative intensity line profiles as marked in the confocal slices. Dotted lines
in the profiles represents the mean intensity value of intranuclear lamin of control cells. Shown
are Lamin A/C stainings of 2D cells fixed 15 min (A) and 6 h (B) after an irradiation with 0.5
Gy. (C) Bar plot of normalized intensity values of intranuclear lamin A/C. (D - E) Corresponding
data for 3D cultured cells, cells were irradiated with 2 Gy. Statistical analysis was performed
with a Kruskal - Wallis test, N=2, n=20. No significance was detected. Scale bar is 5 µm.
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Figure 5.10: Actin organization is cell culture dependent. Phalloidin staining of actin from 2D (A, C, E)
and 3D (B, D, F) cultured cells, fixed after CytD (C - D) or AIIB2 (E - F) treatment, as well as
untreated controls (A - B). For 2D cells the scale bar is 15 µm, for 3D cells the scale bar is 10
µm.
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Figure 5.11: High doses of IR destroy nesprin-2 - f-actin connection in 2D cells. Superresolution images
of actin (A, D, G, J, M, P), nesprin-2 (B, E, H, K, N, Q, T) and the corresponding overlay (C, F, I,
L, O, R, U - actin: magenta, nesprin-2: cyan) of control cells (A-C) and cells irradiated with 6
Gy, fixed after 2 min (D - F), 15 min (G - I), 1 h (J - L), 6 h (M - O) and after 24 h (P - R). Arrow
(green) in (R) indicate region where f-actin does not colocalize with lamin. Scale bar is 1 µm.
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Figure 5.12: High doses of IR do not affect the nesprin-2 - f-actin connection of 3D cells. Superresolution
images of actin (A, D, G, J, M, P), nesprin-2 (B, E, H, K, N, Q, T) and the corresponding overlay
(C, F, I, L, O, R, U - actin: magenta, nesprin-2: cyan) of control cells (A-C) and cells irradiated
with 15 Gy, fixed after 2 min (D - F), 15 min (G - I), 1 h (J - L), 6 h (M - O) and after 24 h (P - R).
White arrows indicate regions with actin - lamin A/C colocalization (white). Scale bar is 1 µm.
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Figure 5.13: Low doses of IR do not affect the nesprin-2 - f-actin connection. Superresolution images of
actin (A, D, G, J, M, P), nesprin-2 (B, E, H, K, N, Q, T) and the corresponding overlay (C, F, I, L,
O, R, U - actin: magenta, nesprin-2: cyan) of 2D (A - I) and 3D (J - R) cultured cells. 2D cell
were irradiated with 0.5 Gy and were fixed 15 min (D - F) and 6 h (G - I) after irradiation, also
untreated control cells were fixed (A - C). (J - R) Corresponding results for 3D cells, irradiated
with 2 Gy. White arrows indicate regions with actin - lamin A/C colocalization (white). Scale
bar is 1 µm.
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Figure 5.14: Actin polymerization inhibition only affects the nuclear lamina of 2D cells. Single molecule
data analysis and line profile analysis of confocal images of lamin A/C immunostainings. (A)
Box plots of the number of non f-actin located lamin A/C molecules of 2D and 3D cultured
cells fixed directly after CytD treatment (0 min), after a recovery time of 1 h and 6 h, as well
as untreated control cells. Statistical analysis was performed with an unpaired t-test and with
an one-way ANOVA. For 2D cells N=2, n=20, for 3D cells N=2, n=10 (2D control: N=5, n=50,
3D control: N=3, n=30). (B - C) Line profile analysis of confocal images of 2D (B) and 3D (C)
cells, plotted are normalized intensity values of intranuclear lamin A/C. Same treatment as
described above. Statistical analysis was performed with an unpaired t-test. **p ≤ 0.01 and
****p ≤ 0.0001, N=2, n=20.
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Chapter III
Lipid-rafts remain stable even
after ionizing radiation
induced disintegration of β1
integrin containing focal
adhesions
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6.1 Abstract
Objective: Cell adhesion with the extracellular matrix is facilitated by integrin adhesion receptors.
Recently it was found that the plasma membrane (PM) located, nanoscale organization of integrins
containing the β1 subunit is responsible for a process termed cell-adhesion-mediated-radio-resistance
(CAM-RR). Here, cells embedded in a 3D matrix are far more radioresistant in comparison to standard,
monolayer-based 2D cultured cells. While ionizing radiation (IR) is known to have broad effects on PM
located lipids and their organization in lipid-rafts, it is not clear whether the effects of IR on the nanoscale
clustering of integrins are lipid-raft dependent.
Results: With the use of single molecule microscopy it could be shown that β1 integrins and cholesterol
lipid-rafts colocalize and that ionizing radiation, as an extrinsic stressor, causes the separation of β1
integrins from their localization in cholesterol lipid rafts. Hence, the effects of IR on the clustering of β1
integrins are lipid-raft independent.
6.2 Introduction
Radioresistance was found to be higher in cells cultured in presence of a 3D matrix, a process which has
been termed cell-adhesion-mediated-radio-resistance (CAM-RR) [15, 16, 130]. Here, cells embedded in a
3D matrix are radioresistant if compared to standard, monolayer-based 2D cell cultures. Cell adhesion is
facilitated by integrin receptors [131] and recently it was found that integrin β1 clustering is a sensitive
and robust indicator of radioresistance [41]. Cells cultured under standard (2D) conditions are not able
to organize integrins into firm and stable clusters, but instead display a rather loose and dynamic cluster
organization of the ECM (extracellular matrix) receptor. On the contrary, cells embedded in an ECM,
exhibit a well maintained integrin organization. With the use of ionizing radiation, the unstable integrin
organization of 2D cultured cells is severely disturbed by low doses of radiation, which do not have any
effect on the well clustered organization of integrins in 3D cultured cells. Therefore it was possible to link
the radioresistance of 3D cells with their ability to maintain stable clusters [41].
It is well accepted that IR has profound effects on the PM. Mainly lipid peroxidation, generation of
ceramides and its organization in ceramide lipid rafts are well studied. Thereby, the generation of reactive
oxygens (ROS) damages and modifies lipids directly with profound effects on lipid signaling, organization
and dynamics [132, 112, 113]. Physical differences in lipids such as chain length, chain geometry and
head group cause different membrane components not to be homogeneously distributed on the cell surface
but rather to aggregate in domains. Specifically, sphingolipids and cholesterol aggregate in microdomains
known as lipid rafts [80, 81]. Lipid rafts are highly dynamic structures (10 - 200 nm) that limit the free
diffusive properties of biomembranes as proposed by Singer and Nicolson in their fluid mosaic model
[133]. These micro structures are known to function as parts of signaling cascades or as platforms for
membrane protein clustering and therefore for protein activity [40]. Proteins localize in lipid rafts either
due to a direct interaction with the lipid head group or due to physical forces such as lateral pressure,
charge interactions or the local curvature of the membrane [83]. It is known that integrins and cholesterol
rich regions colocalize [134, 84].
With the use of ionizing radiation as an strong extrinsic manipulator of integrin clustering it is possible
to interfere with the native co-cluster organization of cholesterol and integrin β1. If lipid rafts are
responsible for the observed effects on integrin clustering, it can be expected that (i) the cholesterol raft
organization, as published for the integrin organization, is ECM dependent, and (ii) IR breaks cholesterol
raft organization in concert with integrin cluster break down. Surprisingly, it was found that integrins
disintegrate in a lipid raft independent manner. Even after high doses of IR cholesterol stays clustered,
while β1 integrins are separated from its raft localization.
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6.3 Results and discussion
6.3.1 PM mobility and lipid raft organization are strongly affected by the cell culture condition
To investigate the mobility and nanoscale organization of the PM of cells in dependence of their culture
conditions, an isoprenyl anchored membrane protein (CAAX-mCherry) as a reporter for the membrane’s
fluidity [135] and the clustering of cholesterol as a marker for lipid rafts were used and analyzed in 2D
and 3D cultured cells.
For membrane mobility analysis, cells were transfected with CAAX-mCherry and FRAP (Fluorescence
Recovery after Photobleaching) analysis were performed. The recovery curves reveal (Figure 6.1 A)
that 3D cultured cells possess a higher membrane fluidity as fluorescence recovery occurred faster in
comparison to 2D cultured cells. An exponential fit yields a halftime recovery value of 10.63 s and a
mobile fraction of 88% for 3D cells. Corresponding analysis for 2D cells on the top membrane reveal a
considerable higher value for the halftime recovery value (27.41 s) and a similar value for the mobile
fraction of 83%. These results show that already the bare fluidity of the PM differs if cells are cultured
under 2D or 3D conditions. Hence, as basically all signaling cascades relay on a dynamic (re)organization
of the PM [136], the dynamics of PM located signaling in 2D and 3D cultured cells are bound to differ as
well.
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Figure 6.1: 2D vs. 3D cell culture conditions have a strong impact on the membrane mobility and
cholesterol raft organization. (A) FRAP curves of CAAX-mCherry of 2D (blue, n=8) and 3D
(green, n=9) cultured OV-MZ-6 cells. Plotted are exponential recovery fits and the standard
derivations. This plot is adapted from the PhD Thesis of Dr. S. Bump [137]. (B - G) Single
molecule data of cholesterol stainings from 2D and 3D MEF cells as well as corresponding
cluster analysis. (B and E) Scatter plots show all detected cholesterol molecules, (C and F)
corresponding heat maps visualize clustered (yellow) and unclustered (dark blue) regions,
arrows indicate cholesterol rafts. Scale bar is 1 µm. Statistical analysis with the Ripley’s K
function reveals the clustering (D) and the cluster size (G). Statistical analysis was performed
with a Mann-Whitney test. **p ≤ 0.01 and ****p ≤ 0.0001.
To further investigate if lipid rafts, often attributed as the organizers of PM located signaling [81], are
affected by the different culture conditions, 2D and 3D cultured cells were stained with a cholesterol affine
fluorescent probe (Dronpa-Θ4), imaged by single molecule localization microscopy and quantitatively
assessed by a detailed cluster analysis (Figure 6.1, B - G). As it is, unfortunately, impossible to completely
immobilize lipids via chemical fixation [138, 86], it was assured that the remaining mobility does not
alter the cluster organization (Figure 6.4).
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The effects of the cell culture condition on the cholesterol raft organization can directly be recognized
by a visual inspection of the single molecule localization results. Each point in the scatter plot of Figure
6.1 (B and E) represents an individual detection of a cholesterol molecule. Both scatter plots reveal
that cholesterol is organized in microdomains where a higher density of signals was detected. These
domains, long known as sphingolipid-cholesterol lipid-rafts [139] vanish upon cholesterol depletion
(Figure 6.5). To put the visual inspection on quantitative grounds, a Ripley’s K function cluster analysis
was performed [87, 88]. This function counts the number of signals that fall within a defined radius of
each detected signal. By plotting this number versus the respective radii a distribution (H-plot) is yielded,
whose first local maximum represents the most prominent cluster formation of the data set. The height of
this maximum gives (i) a measure of the clustering (H(r) max) and (ii) its position the cluster radius (r
max). For a better visualization of the single molecule localizations, 2D plots of the H(r) max values are
represented as heatmaps to visualize clustered regions with a higher density of signals as yellow areas
(Figure 6.1, C and F). The heat maps reveal that 2D cultured cells possess more cholesterol rafts with a
higher degree of clustering (marked as yellow regions). Quantitative K function analysis underline these
findings (Figure 6.1, D and G). 2D cultured cells possess a significantly (**p ≤ 0.01) higher degree in
clustering compared to 3D cultured cells and have a smaller radius (****p ≤ 0.0001: 2D ∼ 100 nm, 3D
∼ 160 nm).
Taken together, not only the membrane mobility but also the organization of lipids into rafts are remarkably
affected by the cell culture condition leading to the assumption that PM located signaling differs between
2D and 3D cultured cells. These results are well in line with the previous findings that not only integrin β1
clustering, but also the number of its first activated downstream signaling partner pFAK (phosphorylated
focal adhesion kinase) significantly differ between the culture conditions, telling that 2D cultured cells
possess an impaired signaling efficiency [41]. At this point it can be concluded that the localization and
organization of cholesterol rafts differs in dependence of the culture conditions.
6.3.2 Lipid-rafts do not change their cluster organization in response to high dose irradiation
To see whether the colocalization of integrin β1 and cholesterol is maintained or lost after high dose
irradiation, stainings for both micro organizations were performed. Co-stainings followed by single
molecule localization analysis reveal a culture condition independent coclustering of cholesterol rafts and
integrin β1 clusters (Figure 6.2, A and I).
Previously, it was found that 2D cultured cells maintain a less well organized status of integrin β1 into
firm and stable clusters and said clusters to be easily disturbed even by low doses (2 Gy) of radiation. In
contrast, the same IR dose turned out to be completely ineffective to affect the well clustered organization
of integrins in 3D cultured cells. Hence, an irradiation with a high dose leads to a complete integrin
cluster break down in 2D but only a partial disintegration in 3D cultured cells [41]. Now, if integrin cluster
organization would mainly be determined by lipid rafts one would expect IR to cause a simultaneous
disintegration of both. 2D cells fixed 15 min after an irradiation with 15 Gy lose their integrin clusters and
total integrin signals, but the cholesterol raft organization remains unchanged (Figure 6.2 B) revealing
that the integrin cluster break-down is a lipid raft unrelated effect. Heat maps support this finding (Figure
6.2, C - H). While the clustering of cholesterol remains unchanged, integrin clusters and signals are lost
15 min after irradiation and are only partly regenerated after 6 h.
In contrast to 2D cells, 3D cells not only maintain the clustered organization of β1 integrins against much
higher doses but also show a faster recovery. An irradiation with 15 Gy leads to a slight decrease in
integrin clustering and therefore only to a reduction of integrin-cholesterol coclustering (Figure 6.3 J - P)
15 min after IR and to a complete recovery after 6 h. Equally, as reported for 2D cells, cholesterol rafts are
not affected by a high dose irradiation with 15 Gy. Followed by visual inspection we used the Ripley’s K
function to generate H-plots to put our data on quantitative ground (Figure 6.3). The H-plots reveal that
the cholesterol organization is unaffected by high dose irradiation in a cell culture independent manner.
Our detailed cluster analysis reveals that also parameters, such as cholesterol raft density and number of
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Figure 6.2: Effects of high dose irradiation on the integrin β1 - cholesterol raft colocalization of 2D
and 3D cultured MEF cells. (A, B and I, J) Superresolution images of integrin β1 (cyan) and
cholesterol (magenta) colocalizations of a 2D control cell (A), a 2D cell irradiated with 15
Gy (B), a 3D control cell (I) and a 3D cell irradiated with 15 Gy (J). Cells were fixed 15 min
after irradiation. Scale bar is 2 µm. Arrows indicate regions with integrin β1 - cholesterol
colocalization (white). (C - H) Heat maps visualize clustered (yellow) and unclustered (dark
blue) regions of 2D cells stained for cholesterol (C - E) and integrin β1 (F - H). Shown are heat
maps of controls (C and F), cells irradiated with 15 Gy and fixed after 15 min (D and G) and
after 6 h (E - H). Scale bar is 1 µm. (K - P) Corresponding data for 3D cultured cells.
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Figure 6.3: Effects of ionizing radiation on the integrin β1 and cholesterol microdomain organization
of 2D and 3D cultured MEF cells. H-Plots of Ripley’s K function analyzed datasets of integrin
β1 and cholesterol microdomains from 2D (A) and 3D (B) cultured cells. The peak heights (H(r)
= L(r)-r) represent the degree of clustering (H(r) max) and its position the most frequent cluster
size (r in nm). H-plots show results for controls and cells irradiated with 15 Gy fixed 15 min and
6 h after IR. Color code: integrin β1 control (black), integrin β1 15 min after IR (dark gray),
integrin β1 6 h after IR (light gray), 2D cholesterol control (dark blue), 2D cholesterol 15 min
after IR (mid-blue), 2D cholesterol 6 h after IR (light blue), 3D cholesterol control (dark green),
3D cholesterol 15 min after IR (mid-green) and 3D cholesterol 6 h after IR (light green). Also,
an analysis of 100 random distributions of localizations containing the same number of signals
as the control are plotted (confidence interval, gray).
cholesterol microdomains do not change upon irradiation (Figure 6.6). These results clearly demonstrate
that it is possible to separate a protein from its lipid raft localization implying that independent forces
exist that lead to the co-organization of proteins and lipids in clusters.
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6.3.3 Effects of IR on integrin β1 clustering are lipid raft independent
Taken together, it was found that
• membrane dynamics and cholesterol raft organization differ between 2D and 3D cultured cells
• the integrin-cholesterol raft colocalization is cell culture independent
• integrins can be separated from their lipid raft localization by an extracellular stressor
• cholesterol rafts remain surprisingly stable even after a sudden and complete disappearance of
proteins they were colocalizing with
Even after high doses of IR cholesterol stays clustered while integrins decluster in response to this
treatment and lose their association to lipid rafts, often referred to as „organizing platforms“ [80]. With
this it was possible to show that the effects of IR on the integrin β1 clustering are lipid raft independent.
But these results also pose the question: Who organizes whom? - a well known question in the field of
membrane research. The here presented data indicates that this question has to be answered with „neither
is responsible for the organization of the other“. While integrins and cholesterol rafts clearly colocalize
under unstressed conditions, treatment with IR showed that lipid rafts can not be responsible for the
clustered organization of integrins. In other words, cholesterol does not pattern integrins. On the other
hand, the distribution of integrins turned out not to be responsible for the presence of cholesterol rafts, as
disintegration of the former did not effect the latter. Hence, patterning processes behind cholesterol and
integrins appear to be independent or at least lack strong mutual influence. In conclusion, the generalized
view of lipid rafts as an „organizing platform“ is questioned by the here presented data, as it was found
that integrin and cholesterol clustering are independent and integrin clusters are not stabilized by their
association to lipid rafts. With this, these findings are also not in line with the view that integrin-signaling
stabilizes lipid rafts [140], as they remained stable in the absence of intact focal adhesions.
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6.4 Material and Methods
6.4.1 Cell culture
MEF cells (mouse embryonic fibroblasts) were cultured in DMEM / Ham’s F-12 (1:1) (Biochrom, Berlin,
Germany) supplemented with 10% FCS (Sigma-Aldrich, St. Louis, Missouri, USA) and 1% NEAA
(Biochrom, Berlin, Germany). OV-MZ-6 cells (human ovarian serous cystadenocarcinoma) were cultured
in high glucose DMEM (Thermo Fischer Scientific, Waltham, Ma, USA) supplemented with 10 mM HEPES
buffer (Thermo Fischer Scientific, Waltham, Ma, USA), 0.27 mM L-asparagine (Sigma-Aldrich, St. Louis,
Missouri, USA) and 10% FCS. All cells were cultured in a humidified chamber at 37 ◦C and 5% CO2. Cell
cultures were prepared on round coverslips (Karl Hecht GmbH, Sondheim, Germany, NO 1.5, ∅ = 25
mm). The preparation of 3D cells was described in Babel et al. [41]. In brief, cells were cultured in 15 µl
sized 1.5 mg/ml collagen I hydrogels (3 mg/ml rat-tail collagen I stock solution, Thermo Fischer Scientific,
Waltham, Ma, USA) on APTS (3-Aminopropyl)triethoxysilane, Sigma-Aldrich, St. Louis, Missouri, USA)
coated coverslips. 3D cells were incubated 4 to 5 days prior to use.
6.4.2 FRAP
FRAP experiments of OV-MZ-6 cells expressing CAAX-mCherry (pCDNA3.2) [9] were performed with
the LEICA SP5II (Leica Microsystems, Mannheim, Germany) by using a 562 LASER. Five pre-bleach
images were recorded with a frame interval of 38 ms, followed by bleaching with a zoomed in region of
interest (ROI) for 10 frames with an interval of 38 ms. 60 Post-bleach images were acquired with a time
resolution of 38 ms, followed by 30 post-bleach images recorded with a time resolution of 2 s and finally
15 post-bleach images with a frame interval of 5 s were recorded, resulting in 105 post-bleach images for
137.28 s after bleaching. FRAP recovery curves were then normalized and fitted to a single- exponential
function as published previously [141].
6.4.3 Radiation
Cells were irradiated with an Isovolt 160 Titan E (GE Sensing & Inspection Technologies, Alzenau,
Germany) x-ray source. Cells were irradiated with 15 Gy (voltage = 90 kV, current = 33.7 mA). Doses
were delivered at a 30 cm source to probe distance with cell cultures placed on a 2 mm aluminum filtering
plate with respect to the glass doubling factor [126].
6.4.4 Immunostainings
The following antibodies were used: anti CD 29 Alexa Fluor 647 conjugate (integrin β1, Biozol Diagnostica,
Eching, Germany), anti phosphatidylserine Alexa Fluor 488 conjugate (Merck KGaA, Darmstadt, Germany),
anti ceramide ( Sigma-Aldrich, St. Louis, Missouri, USA) and anti mouse Alexa Fluor 488 conjugate
(Thermo Fischer Scientific, Waltham, Ma, USA). All antibodies were diluted 1:10.000 for 2D and 1:5000
for 3D cells. Cells were fixed with 4% PFA (Carl Roth GmbH Karlsruhe, Germany) supplemented with
0.2% glutaraldehyde (Serva Electrophoresis, Heidelberg, Germany) in PBS (Sigma-Aldrich, St. Louis,
Missouri, USA, pH 6.9) for 1h at 4 ◦C. Integrin β1 staining was described elsewhere [41]. For lipid
stainings cells were incubated for 3 h / 37 ◦C in 3% BSA in PBS, followed by antibody staining for 1 h
at 4 ◦C. For labeling the ceramide antibody, cells were blocked for 1 h / 37 ◦C in 1% BSA followed by
secondary antibody staining (3 h /4 ◦C). After every fixation and staining step, cells were washed 3 times
with PBS-T.
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6.4.5 Lipid raft staining
pET28/Dronpa-Θ-D4 (stains cholesterol) and pET28/Dronpa-NT-Lys (stains sphingomyelin) plasmids
were kindly provided by Dr. A. Miyawaki (RIKEN Brain Science Institute, Japan). Recombinant proteins
were expressed in E.coli (BL 21) and purified using the Dynabeads His-tag isolation and pulldown kit
(Thermo Fischer Scientific, Waltham, Ma, USA). MEF cells were incubated in HBSS buffer (Thermo
Fischer Scientific, Waltham, Ma, USA) containing 16 ng/ml Dronpa-Θ-D4 or 60 ng/ml Dronpa-NT-Lys
for 3 min on ice. Cells were washed quickly and were fixed with 4% PFA (Carl Roth GmbH Karlsruhe,
Germany) supplemented with 0.2% glutaraldehyde (Serva Electrophoresis, Heidelberg, Germany) in PBS
(Sigma-Aldrich, St. Louis, Missouri, USA, pH 6.9) for 1h at 4 ◦C.
6.4.6 Integrin - Lipid raft co-staining
MEF cells were stained with the anti CD 29 Alexa Fluor 647 antibody (30 min / 37 ◦C) in HBSS buffer
followed by lipid raft staining and fixation.
6.4.7 Cholesterol depletion
MEF cells were incubated at 37 ◦C for 30 min in HBSS buffer supplemented with 10 mM of MβCD
(Methyl-β -cyclodextrin, Sigma-Aldrich, St. Louis, Missouri, USA) followed by Dronpa-Θ-D4 staining and
fixation.
6.4.8 Fixation control
To see whether a storage of Dronpa-Θ-D4 stained probes at 4 ◦C influences the cholesterol clustering, one
probe was measured directly after fixation and one 24 h after fixation.
6.4.9 SMD measurements
All SMD measurements were performed with a custom-built instrument. A detailed description of the
setup was published previously [41].
6.4.10 Image acquisition and data analysis
Editing of images was performed using Fiji (version: 1.51h) [15]. To analyze the effects of ionizing
radiation on β1 integrins and cholesterol rafts, single molecule signals were detected and filtered using
the ThunderStorm plugin for Fiji [16]. For the add-on cluster analysis custom written software in MATLAB
R2014b was used.
6.4.11 Cluster analysis
To analyze our single molecule data we used the Ripley’s K function. In brief, the result of this method
is the so called H plot, where the degree of clustering (H(r) =L(r)-r) is plotted against a length scale.
The maximum represents the most prominent cluster distribution. The height of the first local maximum
(H(r)max) gives a measure of the degree of clustering and its position the radius of the most frequent
clusters [87, 88, 89]. For statistical analysis confidence intervals of 68.27% were generated by simulating
100 random distributions with the same number of signals as a control data set. Pseudo colored heat
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maps were created similar to Williamson et al. [142], binary cluster maps were created based on the
publication of Owen et al. [90]. Binary cluster maps were used to determine the cluster density and
the number of clusters per µm2. A detailed description of our cluster analysis can be found in Babel et
al. [41]. To remove duplicates, molecules that convert to the same position were removed within the
distance of the uncertainty of each dataset.
6.4.12 Statistical analysis
Statistical analysis was performed with GraphPad Prism 7. For multiple comparisons, significances
were analyzed with a Kruskal-Wallis test with a Dunn’s multiple comparison post hoc test. For simple
comparisons, significances were analyzed with a Mann-Whitney test. For all cases, p≤ 0.05 was considered
significant (*), p ≤ 0.01 very significant (**) and p ≤ 0.001 extremely significant (***). Also p ≤ 0.0001
(****) was noted. All presented box plots show as a central line the median, the top and bottom of each
box are the first and third quartile, top and bottom line represent the maximum and minimum values.
Outliers are colored in red.
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6.5 Supplementary figures
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Figure 6.4: Time between fixation and probe measurement does not affect lipid raft organization. Box
plots of normalized medians of H(r) max (A) and r max (B) obtained from Ripley’s K function
analyzed data sets. 2D cells were either measured directly after fixation (control) or after a
storage time of 24 h (control + t). Statistical analysis was performed with a a Mann-Whitney
test, no significance was detected (ns).
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Figure 6.5: Cholesterol depletion leads to a loss of cholesterol microdomains. (A and B) Scatter plots of
single molecule detections from cholesterol stained 2D cells. (A) Untreated control and (B)
after cholesterol depletion, scale bar is 1 µm. (C) H-plots of the data from (A, blue) and (B,
red) as well as an analysis of 100 random distributions of localizations containing the same
number of signals as the control (confidence interval, gray). (D) Zoom-in of (C).
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Figure 6.6: Detailed analysis of the effect of IR on various cholesterol raft parameters of 2D and 3D
cultured cells. Box plots or scatter plots of the change of clustering (H(r) max), cluster radius (r
in nm), cluster density and the number of clusters per µm2 in response to a x-irradiation with
15 Gy. (A-D) Results for 2D cells. (E - H) Corresponding data of 3D cultured cells. Statistical
analysis was performed with a Kruskal-Wallis test, no significances were detected.
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7 General Discussion
The well known involvement of integrins in tumorgenesis (metastasis, angiogenesis) and cellular reactions
towards anti-cancer treatment (drug- and radioresistance) makes them an important target in current
tumor studies [22, 23]. Throughout this thesis, it was shown that:
I Integrin β1 clustering is a target to induce radiosensitivity
II Lamin reorganization in response to integrin targeting is based on mechanosensing
III These processes are lipid-raft independent
IV 2D cultured cells are highly artificial and do not provide the means to investigate processes that
depend on mechanobiological cues
These results could only be achieved with the combined use of:
I An in vivo-like 3D cell culture system
II Single molecule localization microscopy (SMLM)
This demonstrates that a combined approach of 3D cell cultures and SMLM should become a complement-
ing part of preclinical screenings. With this, it would be possible to exploit the virtues of super resolution
microscopy with the enhanced predictive value of 3D cultured cells.
7.1 SMD - the perfect tool for targeting the molecular phenotype of 3D cultured cells
Single molecule localization microscopy (SMLM) is a technology that allows for an accurate assessment
of the localization of fluorescently labeled molecules. These techniques provide novel insights into
sub-cellular processes and structures as they are able to resolve features below the diffraction limit [42].
SMLM as part of a preclinical screening can extend the assessment of the phenotype to the molecular
dimension, a scale often carrying meaningful information in biological systems. This is a rigorous
improvement if compared with traditional wide field fluorescence or confocal laser scanning microscopy
(CLSM), which lack spatial resolution and only provide an average fluorescent signal of several molecules.
A SMLM-based screen has the power to identify compounds that have a direct effect on the nanoscale
(re-)organization and localization of proteins, i.e. processes that almost always start signaling cascades
at the PM. As an example for this advantage, it was shown in this work that the well known effect of
the integrin β1 inhibitor AIIB2 to induce radiosensitivity [110] is based on its ability to reduce integrin
clustering with the consequence of an impaired (nuclear)mechanosensing eventually leading to lamin
reorganization [41].
The use of SMLM in a preclinical pipeline, however, would only make sense in combination with an in
vivo-like cell culture system which exhibits a predictive value. 3D cell cultures (ECM-based or spheroid
cell cultures) would overcome the limitations of monolayer 2D cultures (e.g. provide dimensionality or
ECM binding sites) [56]. Both, high resolution microscopy and 3D cell cultures are, however, only slowly
introduced in industrial pipelines, presumably due to problems regarding imaging and other methods
established for 2D cultures.
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Figure 7.1: SMD and 3D cell cultures in preclinical screenings with the molecular phenotype as a target.
The molecular phenotypic screening approach combines aspects of phenotypic and targeted-
based screenings. With the use of SMD in a preclinical screening pipeline it would be possible to
determine the molecular phenotype (e.g. integrin clustering is responsible for radio resistance
(RR)) and in combination with an in vivo -like 3D cell culture system an appropriate assay could
be developed to screen for lead molecules that for example, disrupt clustering and therefore
induce radiosensitivity. These steps are followed by lead optimization, preclinical developments
and finally, the clinical trial.
7.1.1 SMD and 3D cell cultures for preclinical molecular phenotype screenings
A screening based on the molecular phenotype would combine aspects of both, traditional phenotypic and
targeted-based screenings. From the phenotypic approach it inherits the quality of assessing a cellular
response − here the molecular distribution − from a treatment to which the targeted protein contributes
but is not solely responsible. Rather, a multitude of factors are required to promote response (molecular
reorganization) that eventually triggers downstream signaling. In other words, while investigating the
organization of e.g. integrin β1, this protein may either be the target itself (e.g. treatment with AIIB2),
or, alternatively, the nanoscale organization of a downstream protein (e.g. lamin A/C) may serve as the
molecular phenotypic read-out in response to the treatment of the integrin.
By combining advantages of these two approaches into a molecular phenotypic screening, it would
be possible to identify (i) directly involved (i.e. integrin clustering) and more distantly related targets
(i.e. lamin organization). Hence, alternative targets could be identified before lead structures [33, 34].
With this a library for a desired nanoscale effect could be screened against e.g. the protein clustering. By
combining this approach with a classical, phenotypic screening it would enable to screen for unrelated
targets, i.e. actin or lamin organization.
Therefore, a preclinical molecular phenotype screening starts with the (i) identification of the phenotype,
and is followed by (ii) an appropriate assay development, (iii) compound library screening, (iv) lead
structure optimization and (v) preclinical development, finally ending in (vi) the clinical trials. Thereby,
the step between screening and lead optimization is a cycle of constant repetition (see Figure 7.1).
The molecular phenotype for (cell-adhesion-mediated) radioresistance identified in this thesis is the
integrin β1 clustering (direct target) or lamin distribution (indirect, distant target), see Figure 7.2. An
appropriate assay would include an ECM-based 3D cell culture system and SMLM. At first sight, the target
for the screening process would be the ability to interfere with integrin clustering so that a combined
treatment with IR breaks integrin clustering and subsequently the mechanosensing system of the cells
(see Figure 7.1). On a closer inspection, molecular phenotypic screenings could help to identify lead
structures acting on any surface receptor that induces a desired effect within a cell, thereby obviating
the need for cell penetrating compounds to address intracellular targets. To that end, a screen for such
compounds acting on a molecular phenotype would follow the well recognized quality of traditional
phenotypic screenings, in that precise molecular actions do not need to be known in order to reach an
desired effect (see Figure 7.2).
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Figure 7.2: Molecular phenotype screening for directly involved or more distant targets. The molecular
phenotypic screening could be used to identify lead structures acting on any surface receptor.
The read out (the molecular phenotype) could be any intracellular target. The precise molecular
interaction can remain unknown.
7.1.2 2D cell culture systems are highly artificial
Through this thesis and many other studies ([5, 6, 7, 51, 52, 53, 54, 55]), it should become clear that
2D cultured cells are highly artificial. Relevant for this study is the inability of 2D cultured cells to (i)
probably organize integrin clusters, (ii) exhibit a functional integrin signaling and (iii) mechanosensing
system as well as (iv) their significant differences in PM mobility and raft organization. The impaired
ability of 2D cells, to maintain integrin clusters even in the absence of any treatments (other than the 2D
culture condition itself) already points to a lower tolerance for additional stressors. Low doses of IR and
AIIB2 treatment alone are sufficient to break the integrin-mechano system apart - making 2D cultured cell
an over sensitive cell culture system.
Therefore, it is important to point out that the CAM-RR of 3D cultured cells is not an additional ability
of these cells, rather 2D cells are inferior in so many ways that they are radiosensitive. Hence, the whole
process should be rather termed planar-adhesion-mediated radiosensitivity PAM-RS and not CAM-RR.
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